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r tt « # HF j 

FK506*$ ^ g 6 ft f* m X It * <r> 8ft«£ 

T- * 0 , H 8? CD # T ? "J fl! T* # £ „ 

FK506 & L < tt FR-900506 £ 6 3t SC $ ft. S ft ^ ft (i , & 

fci£#!&O^R*ai£/c<i?6&3§£2: LTflLi Z Z t It 
<t ^^Tt>i ( 0!I X-tf # BH Hg 61 - 148181^ ) 0 

l* L Kc & h s * <r> m it , # £ c & # r* * S tz 6b , 

« ig & # fi co & £ te m n . * m m x- $> »> , &\<¥mm & 

— 3f . ^W^^)f ^Ci I), FK506O & «1 flj ft* ffl Ji 
^7f i?;i,7 , D ij^y^ h^>X-f y^^-Hy-^fg]^^ 
T5 14 * *T 1" & , ffl !§ F«3 CD FK506& ^ ^ & ft T , FKBP 

^ & [ ffl X. li\ Nature. 357. 692- 694& J: 1^695- 697 
( 1992) ] 0 

I^EFKBPfi, f i^a^i:iot&l^)^^7'^ 
ftteTZZttfto^tlXtoO^ ffl X. 12 FKBP - 12 ( ^-g 
12KDa) , FKBP- 13 ( # S 13KDa) , FKBP - 25 ( # ^- S 
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25KDa) , FKBP- 52 ( # =f- g 56KDa) 3£ b* $fi £• $ ft , * ft 

A: *. if % Nature. 341. 755 - 757U J: V 758 - 760 
(1989) . J. Am. Chem. Soc. 113.1409-1411 (1991). 
5 Proc. Natl. Acad. Sci. 88,6229- 6233 ( 1991 ) # 

m o 

t tz , #^-Sll.819r/l' h >T-107<®OT S S &fr k 

* h FKBP (i itfiK^X^ftlB&fflv.-CRaii-S^ia^BEtz 
8? «a £ ft "C t> & [Nature. 346.671 - 674 ( 1990) ] 0 

10 — . * ft FKBPO * T" FK50636* & & < IS & •+ & <r> 

if, FKBP- 12T * 9 . * O # *1 £ £ & (Kd) ii 0. 4nMT 

* £ c t „ s» tc . fkbp- 1 2 ii > n <T> H tt: t, i* , ^ 

« t ? ft T ir» 4 [Transpl. Proc. 23(6). 2760- 2762 
15 ( 1991) ] „ 

£ Z *> *C . v -7 x MLRO^f, FKBP- 12$: — £ * o FK 
506 £ & IZ ffi ]JQ -T & , FKBP - 12*5* KifcflHL 

T , FK506O ftm^mmm^m^^tli>Z£lZX r ). JflL 

* {2 FKBP - 12** # & -f ft If , FKSOe^jfil^if^ FKBP - 12 

i" h z £ , a V , 4*1: J: •) FK506tc *f -f 5 g g $ d m 

JCt # O FK506& 5tt*iiML, 
!5 «fc 0 M £ L v> FK506Jfil £ * & £ * R £ f £ ^ tZ % jfil £ ^ 
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n 94 / 04700 (C 2 a £ FKBP& £ tf) ill] £ & # m ^ £ ^ T 
^ * o 1 O IZ it % FKBP* 
5 FKBP £ FK506 v , ttFK 
BPUt £ @ £ ffc l , C it ic (i)« ft 3 J4 4, ^ FKBPfc « IS 
*K <2)**T«* ? ft. A: FK506 * tfs ffl 3 JEtc 
<3)**>#*Sttfca|£.t.a £ k £ # & £ f * FKBP?g£ 
^*36S. (, 9 1 ofcJi, BDSfl: L fcFKBPfc, (Dttfft 
10 K»*fJ:VMl3Rr«»Siifc FK506* fcmZ*&Zt iz 
«t 0 H^ft L /cFKBPfc , *tftK** + *>FKBPfc WjK^jjS; 
£ *t , (2)B £ ffc L FKBP & * Ut^»I| 
SI FK506O + * FKBPig 

L *» L , Z tl b <r)j3i£T ii . FKBPO ft £ FK506 £ <T> 
*S ^ IB * £ fij ffl L FKBPzS HUtt^at*^^, 
FK506** * # i- * & ft ft |4 ^ ^ FK BPzg jg £ & m ( - m ^ ^ 

* - t it m m t a o * . 

FK506**# L T + FKBP« 

r IS 93 O 0fl ^ j 
*B9!«>ft9i*9fi % fii^ef^OiKm, FKBP^iJt/^^ 

+ „ fkbp<7> am** 
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* y b £ fig £ L tz o 

Z z t . S c it % * *o aj x * ti * is £ m £ tz « 

-r *> . * % w it , 

(1) © tB (i® £ ffc $ a tz % - fit w ( FKBP* <n fit m sl m 

(2) S & s££f * <0 FKBP. Si; 

10 (3) 9 "fit* ( FKBP* ^ fitJjii & £ g £ fg gfc i" & Jiie 

9 — fit # Ji*'5r*fiC«i*^**Baii-S^y 9 
o - * ^ fit # ) 

c t *^ ^ s FKBP^^ai, * ^ li f o ii g i ^ a , x 

15 V, HMiem — fit*, 9 r. fit V« iti & t L T «o FKBP£ 

&m-t & * v mc w 1- * . 

FKBP* <0fit^^^^^|ggfei-S9-fit*a^9-fit* 
12 , m X. 12* , ^-7-iii;PX^>f> (Kohlerand 
Milstein) O 3£ 2fc 3f i£ [Nature. 256,495 ( 1975) ] CO 

«F £ L < a „ FKBPT* fcJSLfc-^^Xjfrfc^fcfifcWfiii 

2 0 < k^^^r^T*, FKBP£ m 51 -T £ * / 9 n - ± ju fit ft: 
25 ^KtKU'tM, <fc 9 *? £ L < (2 , IgG^IgMO 
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? 7 X T* * 9 , M b Of £ L < it . IgCj A IgGj a: i -5 

ft IC 12KDaC0 FKBPCO A t K J& 1" & , * tt 12Kd& 30 
~35Kd<7)jP3;fr<50FKBPfc^J]S-r£UiFKBP^ 7 ^ n - -j- )V ^ 

Transpl. Proc. 25,655- 657 ( 1993) IZ «fc 9 BE (3 & fcj X" 

fkbp* <o * a «e jsu o ^ ^ & £ g $r m & 1- a 2 o 

9 u - -j- )VtKW t LTIi, FKBP** FK506 t *£ L T ^ T 
*>f5I£>i2S££ ft FKBP* CO * ft. -ptL #J CO ft 

JIifc£g£fggft1-£^y ^ o — i- si* 1Z ft t>* igif ti & 0 

* # , * ft 9! & * it 6 r $ - jjt * j h e 
oj: -j iz £ - t£ft t it m% h FKB Pontic 

U&-f & * / ? v-i-frtn.W%<7) h er> izta t . & # co 

* « * c # it * r ^ 31 * * i- * ^ - tx # j ciMtsii 
at ^ uii, -e^o^oco^^^^iii?^-? 5 t ^ T- * 

% $ h a # (&-txwzm& 
i" * a * ) , #c s* t£ no & tc as . feft&s^a* 
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10 « ] , (2) T * 7 - * ( « , T * 7 ^ 

- -far ) , (3) j: x x 7 - -fa* [ffd, 3>;>jixx7--tf 
(m\ 7-fef ;i/3 'J >x^f 7--t) , * * 7 r - -fa- 
( m , T )V ij ] ) 7frz.~7T?~--&) , x/P7 7;-^, 1; 

. (4) * ? WT--fcf (« % f^ifxM?;; 

i- r - -tr , ^7^1/7-*) , (5) » . #/u 7 ^ ij > 

^ ( W , 1] 9 7 — -faT , -^/p^-^^^r — ^^ j. ^ n — 

A * * ;T - -fe* ) ^ (6) SHS**(0fk ^o~>^---fcr, T 

, (?) m&m (« % r 

WX. -fV^i^lfctt/JcSKiP*) * £ 0* * (f ft. % £ r> 

It. T )V J] \) -7*X-7T7-Wlfr£ L^„ 

At«^*fltt*f Lti>4, 7 t ^ > li , 4 i@0^7 
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< it . T;u**)y*x-7T?--e) t^|$§n^7h'y 

%iiiJe8»ifLT^ttJ:v>, i: 9 i> It ^ I ( 7 ;M 
*? * Us 

10 ft ft £ p| ft 7C 35 £ L X It t x. i£ 125 I , 131 I, 3 H. 

1 * C % £ W b ti & . 

iitftftLtli, -7 )V v * * * > ^ 7 it U -y 4* 
> x 4 v * * ~> T * - h * £ ** * ftXVaWtLXitJU* 
S — yu , )v $ y - jv ffi # # , -7 * 1; > , y - > 

15 iif^lf If f,aj 0 

? n 7 S > T & , & 3 7 m 

20 (i % & ie 11 m <?> * m £ m ^ * c t & x- $ & D 

* 51 W # tt * FK506*£ ^ S e 9 (FKBP) (i % |>J 1£ 
^ <fc "7 5: FKBP — 12 x FKBP — 1 3, FKBP-25, FKBP- 523££ 
ttfc -S o 

L L , FK506** mi>&<&&-t£cn& FKBP- 12T * 
25 £ d t , f ltFKBP-12*'* ^ k)> S ffl H IC |; f C # 4 L 
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^^^Ct^fJltSt, ttlZ&tL^<7>\i FKB P — 12T- 

FKBP - 12** FK506 4: «S ^ LT^T t « »f ^ g it 4 c 
t < , FKBP - 12*^**i*ftM^ttMfc2£*fcBai 

*»WtC*?^T, Sg-JJif*, FKBP& V £ - fij; # 35. 

61 T- * £ % 4$ K 0* m & R K * ffl ^ £ i£ ^ ^ m ^ {f ^ 

10 (A) * t *6« S * «v> T » -ft* L T 

# # . fiTE******?**:*, * *> * * j;: jfc t 

LT *^ £ ~ #1 # , FKBP#t/r*<7>j|*<&#£<7) 
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> i) -7 x. I) JU 7 * X 7 - h N o - 

~? =. - v > i? T I >$rif£ffl^S£ t £fa * 4 , if * 
L<ii. 4-/f;u'>>'<i;7iij^7 t x7x-Ff 

£iX£.tz&&<7> : &it&£»)kytm j $>myt&j£t l t « 

t tz . I£ tft 5$ £f a* h h JflL f# . JflLSSSlAffllfcttiaiaEo* 
& iz it ^ X'+i' >i>T VVJ* ( EDTA • 

2 Na) % 7 > Wt ~ i- h *) V * V £ 7 & * u — h KM & 

X 2> h „ 

/8 # £ a* x #*L<(i>fA/r^-h*fflv. set 
*«»W«w*f(f*»-ljtft:fc«^tt» + W FKBPi <r> R 

<i > & ft <v tzfetztti Rfoiz m 1 t z 2kmz & x ft b tin 

ii J: < , » * L < (i , liSTS^F^ii: 9 i" ft f£ J: 0 
«fc 9 Jl ft tc FKBP<50 fft £b , t tzltm!£mix.<n ^-Mti. 
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£ be o . 1& - # , fkbp# «t n m r tK w <r> m m m pf 
it. aa^niswwiiiffciR^sftiiwTiii^. 

* fa oi! d . i 9 je it c: tfc ai * ^ & « a * «n £ -r & c £ 

5 it * s J: t i^j: o /: : i c i 0. f5tl £ fi* . FK506O ^ ig 

«r & t tc o A: „ 

HT, £• 3? J6 t , * £ 1$ £ O FKBP ( ffl ff , FKBP 
-12) w*fe3l«Wi:«fliLfei) ifcli, * <so it £ ?»J 
10 £ L 9 , £ T O FKBP* & tfi L £ li * *g £ £ fcij £ 

^ <T> ft IB fw t tz FK5O60O & -5- S * Ix 3= T* 

1# , FKBP** FK506 £ *S L T v> T {> . f»J ^ 3? £ g 

15 tt£c:i£<FKBP*oiJiliiifc;Eg*!2g£Lf#6*/;7 

o - ^ ;pJJt flc ( « i ff % & I£ 2? & #J T* 1£ ffl L «}: -) 3: ft 
FKBP — 12* / ? o -f-/H/if*:2Cl- 87, UtFKBP- 12* / 
^ n - 1- # 3F4 - 70) * # - fJt # & 3fl Zl tX ft t L 

T, ft it ^ & J£ ic te , FK506**BE & -5- $ fl tz 
20 #OjfiL7fCL<{iJliL?Sta»A>. FK506£B5*>oTBfc^L 

£ < T *> FKBP * iE it iz m ffi & & £ tz it * <r> m St £ M £ 

j^t, * & * k it f*k nmmiz x o mmizum-r 

, * % IK ii f> C IB ^ ? ii 4 t ^) t li ^ t» , 

25 
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K & m 1 FKBPtfl # 60 £! i£ 

(1) FKBP- 1 2 O mm. tVf&L 

Nature. 346,671 - 674 ( 1990) <T> 4" T"Harvard7C^S. 
L. Schreiberfe?)9R£LTt*&DNA sequence J: 0, FKBP 
5 - 1260 C - 5fc IZ *B ^ -f £ DNA 48me r £ A pp 1 i ed Biosystem 

ti<7)DNA synthesizer* f T^-fK L^ a 

5* — CCACATGCCACTCTCGTCTTC 
GATGTGGAGCTTCTAAAACTGGAAT 
G A - 3 ' 

10 Z 0> 48- merf>JliW & 25 P V ? *< JU L * 7 u — 7 t L 

T CLONTECHtt <T> b h T - cell cDNA"7 4 "7 7 ') - HLl016b 
507J 7 ? - 9 £ * 9 - - > 9~ L fz t Z ^ X Z> t 4 7 
7 -7 - 9 £ — o # o C 7 — ^ «£ •) FKBP — 1 2cDNA £ 

^tfKfr*tr;o--^7L/ : [pUC-23 (Ec) ] D 

15 £ <F> pUC- 23 ( Ec) £ i/ - 9 ^ > * L /: t I , 

DNA^-^^^* l#^^32#(wffi^i-^gu^^x«L 
"C rt: <7> "C , dO^^^rffi^i-^t^tc, :*:)!§ ® T- O fg 
%^rffi<i~^^tC^d£L^:AT rich silent mutant N - 
5fc DNA#7 80b. p. t £ m m L . EcoR I — BamH I sitet Lt, 

20 tryptophan promotor<$0#jpTT-^^i-£"7 B -7X 5 }? (- 

IB * & * , fg ^ ? - pFKBP333 £ 0 Z tl £ ^ E. 

coli HB101 ic J& M & L , 3g 9! ffi HB101/ pFKBP ( AT) 
3 1 1 £ fl| tz o Z tl & . L-amp. brothC T 19P$ ^ f 
L. M&&m.com&&. 90*/g/ral (finaliftJK) t^4 

25 1i tw I A A (Indol-Acrylic acid) ^Slif § : £ f d «fc 
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0 'if o tz o E. coli^ IB L, 50mM Tris-HCl. 2 mM 
£ - ME. 2mM CaCl 2 . 10m M MgCl 2 . 5 % glycerol^ T* 
French Press <wT*fflfl&£**#L, 3t 4> ( 4 *C , 6.000X 

g, 3o# ) -±m*6o°c, i5& fgifk&m - m<b ( 4 *c , 

5 6,000Xg, 4 5# + 4 1C , 18.000 X g , 2 0# X 2 HJ ) - 

M #T [20mM Tris-HCl (pH7.4) . 4 'C ** £ ] - DEAE 
-Toyo PEARL 650M-i£*HHPLC (C 4 ) lCTFKBP-12^ 
« « L . 

(2) FKBP - 12CO"^ ^ x ^ <7) & ^ 

10 FKBP - 12<7) >; ^ & ?g ( £1 T, PBSt aie ) ?§fc250 

A*g/ml O.lmlt^gfiO Freund's Complete Adjuvant 
(FCA) £ zg L „ ^^^BALB/cc^lg^l^ic^^L 
o IpJ S O FKBP — 1 2 £ Freund's Incomplete Adjuvant 
(FIA) t zg L , *fi^lOH45{ctt®, flg&rtKftg: 
15 L/c. 

(3) Jfo * ffi # fifi <7) «!j £ 

^^^IftlRJ: 9 10/* I^AL, PBS 990^ l t zg^ 

l , &>b&m%.&.m t l tz . m * tc % t z o t ii , 10 g 

/ ml 60 FKBP - 12 PBS&&50/* 1 £ >f A y> r - h ^^/w 
20 tcflnx., MzS3NFfSl^flo£-£, iii(:|S^§^5 0 ^ 

^ x^ift#, o. 2% 5 )V 9 T n . y ^ - PBST- # W H 
*S >( h £ "T u - y ? L , S zfc z> & , I* 14 # S3E 50 
^ 1 £ flU £ , IlSTlB$iaS$$-lt§ 0 8fc if & . anti- 
mouse I gG ( H + L ) - POD [ 7 ? - (Vector Lab. ) 
25 umi ioo fi \/ *? i jumtm L , mi£T-S(c 1 ft|H)Kj£3 
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T « 5 * ^ . 

(4) #t FK BP — 12#tf£<7)jft*£ 

5 FKBP- 12 250 /i g/ml (PBS) 0 . 2 m 1 * ^ ft flfc * £ & |^ L 

fc. 4 B & K B* HE * to ft L , Umm 1.44 X 10 8 cells£ 
WftLfc. - JJ . "^ r >X#HMijsffl!aP3X63Ag8U. 1 £2.9 
x 10 7 celIH6 L, 50%PEG4000* ( © **• Wk J£ ) T M IS ftfe 
* ff -? fc . f ^) HATlgJfil: x /ur 1/ - h 

10 _t % 10 cells/mix lml/^x^ti^iJS^^^ 
- ^ / It t o 2 a ffl & , HATtg Jte "C JSS o j£ ft 
« , *BT*fcl44'>*;H:'3V>T, fit FKBP - 12fiE £ 
^&&* t iKW-m<r>M'x.&lz±-iXX7 } ) — - > 7 L tz „ 
~> £ *) , ifiL * fit # fa <0 ?»] £ & i~ # x . fit FKBP - 12fit # 
15 £ ^ tf R fif * ^ An M Jig $ & B# (" % f inal 5 n g/ m 1 <7> 

FKBP- 2 £ $ -tf , FKBP - 1 2 # £ T X' CO & # ft ik f 

5 i<O^S« L/; 0 S<C FKBP — 12K ttLTfitttfa^jf^ 

(5) FKBP- 12* 12 & L , FK506. FK506 - C 32 ( LA ) - 
!0 PODt FKBP - 12 £ CO ft & £ ffl $ L % ^ fit FKBP- 12fit 

, J-->*'«>fiE«:*lS*3.fcfca, 1/, g/ B 10 FKBP- 
12 50 m 1 t T 1£ (6)TM# it tz FK506 - C 33 ( LA) - POD 
5 ( 1000|S#tf) 50|i U**#$^^ 0 O - T * - u > 
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i? T ~ > £ <?> Xffc IZ £ 9 t ?Z 490nmX~ <7) *Jk It Jg cr> ±%. 
ffLktLtzfa — >£M1RLtZo CcOUSSf, 1 0 /* g/ m 1 <0 
FK506£ 2ift2-*tt2tiF<?>ft&<7)m*ilZ£'<)^ i^^^XIgG 
( H + L ) IZ J: 9 ilS^Sfl/wFKBP - 12liFK506 - C 32 
5 (LA) - PODCD FK506 £ 8 & L T v> & C # £ „ ^ 

{i5a«<7)j5t«E(5-l-A5, 5-1-B3, 5 - 
1-C5, 5-2-D1 ( IgGj) , 5 — 4 — D 2 ) , ~f 
1£ ( 7 ) «7) J: •? FKBP- 12*JR3RT^tt?-*^ *> O £ JJt 
10 StLTIv^*«^i>{,|JlA4 (IgM), 3A8 

( IgG 2 ) , I F 7 , 3 B 8 , *3t,TE(8)<^J:-3(ZFK 

ft ^ tz t> {± 4 F 8 O^ftlOiO^ / ^ D-f;u 

iff f* a* » ft, *: . 

15 (6) FKBP506 - C 32 ( LA) - ?0D<7) $g & 

«r M ¥ 1 - 92659^ <^ I JS 1 t|6]^(3Tf§^a^=7 
^^lf-FR- 900506«lS^-7XXf ;P ( 230mg) , N 
-h N^i/t^yM i F ( 35mg) St^l-if/p- 
3 - (3-i?>f;i,7i;yDh , ;i/) # /ntf 5> ^ * K ffi 
(43mg) <7> i£ it J * V > m (10ml) HiST5| 

mtz& Ltz&. k m m & m * $ l , $ ^ ic & & l * . 

»tt*S*Lfc«, » <1 ^ « » ( 2 5 0 m g ) * i i - r 
£/'>>'T'#>'& ( 120mg) SVh'Jxfyuji^ ( 60 

m g ) t £ i> tz s j * f- )v * ;u A T S K - ?Jc (1 : 1 2 0 
25 ml) !§KtTliST6HliiHS^L/: 0 «JSS^fcli*8fe 



20 
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^ ^ S i i§ I t 4 i/ '] ^ r ;M 7 A t; # L , 17- 
TiJ/i'- 1,14-^b Fo^fy-12- [2 - ( 4 - N - 
( 10- 13 tV i£ * i, T v ) - (4-T$y-1.4-i? 
5 t^rV- 1 - rf^/fJfy) ) - 3- /F^yy7D 

~* * zs JU ) - 1 - ^ f ;v t i ;p ] - 23.25-^y h * i<- 
- 13, 19. 21. 27 - T" h 5 / f ^ - 11,28- * * -«f - 4 - 
7 ^ h 'j i/ ^ d [22. 3. 1.0 4 ' 9 ] t ^ ^ 3 ^ - 18- x 
> - 2,3,10,16-f l>7^> ( 120mg) £ 'ft tz 0 
10 NMR (CDCl,.*) : 1.2-1.4 (m). 5.9-6.1 (lH.m) 

* FAB MASS : 1109 (M+Na) + 

h iz , _l ie ft £ m ^ , ^Mf i - 92659^- <r> m m 

0d 1 3 ) tPlit: Lt*-^7f-f 7 • 
^r--tr*S!S$**CfctwJ: 0, FK506- C 32 (LA) 

15 - poDm 7& & n tz o 

(7) m m $t FKBP- 12*0 ^ K 

FKBP — 12<0 0. 08% h 'j T ^ :* n g£ & ^ ^ 7 Jc ( 8 47 

^g/ml) 460 /u 1 (C gl M 312mg£ ^ AD L , f T , iS ^ 
L , FKBP - 12 ( 600 u g/ ml ) 60 » ifc 6 50 u 1 £ fH L 
20 fc. £ ft. £ , C^i^^gCffflL/.:, 

(8) * 7* T >\> T S > & FKBP- 120 K 

FKBP- 12 1032 /i g ( 1 mg/ ml * 1032 a< \mm ) £: :* 
T ;U "7" = > ( x / vtt, Lot No.76F-8040) <7) PBSJg 7& 
(2mg/ral) 1 032>u 1 £ ig £ . C ft. d , 0.13M/;P 
15 * ,v T tv T b K - PBSj§ ?BE 0 . 6 2 ra 1 £ ITt <£> „ ligj, 
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tit 9L&m t lx &m l tz 9 

FKBP- 12 t it T T )\> T X \s t <K \% & Jt m (i , FKBP- 12 
1 032 /i g : ^77^7; > 2064 iu gt, j§ & * (i 2. 7ml X 
5 * o tz o 

91 m 2 ft FKBP- 120t # <r> Q!l g 

(1) $s & <*j i ocnfcifrmoi ■? k lt^^xci&s 

(2) Jill * ft # flfi jBd £ 

0 20//g/ml<OFKBP-12<7)PBSi§i£50/i l£ELISAffl96^*. 

**'K*>FKBP-12i8iBE£«9IB5*L, 0.05% T we 6020/ 
PBSjg i& T- 3 HI m It L fc o 7 u - M^^x/HCO^^i 
^ ? / PBSig 250 n 1 £ All t , S iB T" 30# P£ Wi ■ L . 

5 * * ^ <0 0. 2% $ ? / PBSg »E £ Pft 31 Bfe* L , 0.2% S 
^ ^ / 0.05%Tween20/PBSig&T-;?&^ L ft Ifo. fit £ 

100^/1, -> x /H: Jp i. , 1 iS t 2 B| 0 & i L 0 ft u 
?*^OftjfiLit#$??££iift3|fifc£L. 0.05%Tween 
20/ PBSiS m X- 3 m m& L tz 0 0.2% * JU ? /0. 05% Twee n 

0 20/ PBS*§ WL X lOOOfg i: # R L 7 ;M «; 7 * X 7 r 
*--tf«aift^*XIgG(H+L) i§ £ 3- *7 ^ 100 
^lAnx., SiST 2 PjfBttl L fc, * * T /u # U 

7 t ^ 7 r ^ - -lf«gUJi; v-) x IgG (H + L) ?8 £ % 
31 fifc £ L . 0. 05% Tween20/ PBS?§ T* 5 0 ?Jfe if- L tz 0 *: 

5 t£ , o.imM 4-x^-;P'7>-<i;Txi;;Pv^x7i — 



10 



15 



20 



25 
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h (4MU-P ; ^ ^ %fc ) <r>mm%L ( lOmM^ x ? y - 
*> T I > / 0. 5% MgCl 2 /H, 0) » « £ £ * * ,|, £ 100/. 1 
*H * . IiST15^IHttlL^. 

(Exitation; 360nm. Emission; 460nm) £ |£ }fc "7* — 
5 F • 'i-/-TIISLft. 

(3) tZ ft m <7> - # » n * x * jg ft L , 4 Hgitl^io 
0 & (3 **■ ft t L T1.5Bg/.10FKBP- 120PBSgj8 

x ) K — ■*» (3 — 3— D4— C6, 2 C 1 - 87& V 3 F 4 
-70) tftfc. 

(5) t% w <7> m. ^ t m $k 

X 7 >) - - > 7 7 r, - - y 7 & C, ft f z „ 4 y 

K - 2 C 1 - 87, *4i>liA-fri) K — -v» 3 F 4 - 70 
* « tl tl F 7 5 7 7 X a (c 5 x 10 « fl/.i (50ml/ 
F 75) fc**J:d(:Hf«L, 4 HP^^^t, *S * & £ S 
<OL. A»*«ftlJff*T2|g|tt»f*. * *L***L 0.5ml <C 
» * $ * tz . 2 ft |U fc % -f i) * ? > 0. 5ml £ & ft 1*1 iZ 
J*« L fcBALB/ C * X (BALB/C, « . 6 * ) 

ttfSrt^^-f -r K-^»*»o.5mifc^«Lfe. iob 

; 5-il^il^Jll7jc$ r T7^r/i.-ro7 i ^^A MAPS 
- II* -y h ( ^< * * ? k ) (Z T «« * ff ^ . fit FKBP — 12 
^^n-t;HJl«C2Cl-87(tr^^7 ( : I g G j 
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A) F 4-70 : I g G ^ it ) f& K #t # £ 

'&tZo t tz . ^^7') F-v3-3-D4-C6^« 
C^*2«&, fli FKBP- 12* / ? n - -y- ;u tf; ft: 3 - 3 - D 4 
-C6 ( -V T ^ >f *T : IgM) £ '&tZo 

5 n pi i . fkbp- i2<7) m m ft & m £ m up-mcai^) 

K £ *l 1 mg^JJiFKBP-12^ J 9 u - -j- to fcfc 2 
C 1 - 87ii 4 ^ li 3 F 4 - 70H A y 'J > 9 - T to ij 
10 ') 7 *X 7 r ^ - ^ - 7 ^ !J V 7 ^ 7 h ( t > 7 

V «y \? 4 * T X fJ to K , 3 — KCK— 07 — 1000) 
mtttZ$l<7>?jmiz&:^TTto* -7^-x7r^--^^ 

a £ » ^ , #^gsts:frimi^#s„ 

2) Jt«=W@ffl'sO»ftf S# 
15 ^ / ^ n-t^fi«:2 C 1 - 87H < 113 F 4 - 70 

<r>?Bsmm ( 5 j» g/ii) it o^i'iffflrw- 

h ( v4f y y - 7" F 96, * ^ ? *£ K ) 0§7i;H:^ 
SfeL, 7 w - h *r 0.05% -y >f - 

V 20 CO PBS{§ ?0E T- 3 E ?5fe m i" ^> o 
20 3) 1#MWl>&aPI»ih^^ 

± ie O ^& 7 U - h , 4%7'n y^X-X (WEPtt 
K? . 3 - K UK - B 80) 250 /2 1 # & L . ^ 

T* 30# y W - h ^ 0, 05% «y >f - > 20*0 PBSig 

8t 1 ® % m 1" £ „ 

25 
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4) iftfcvci*m.m 

4 % 7 v . y ^ X - X - 0. l% >y J - > 2 0 <7) tJ< m H£ X 
# #i L 13? FKBP- 12iS ?g 100,u if o^iieru - h 

5 ^^liSt 2 H(SJI < , -f is - h £ 0 . 05% «y 4 - > 20 

*0 PBSig ?g T- 7 0i*f t ^. 

5) ffi 

1 %7 u v ? jl — X - 0. 1% V J — > 2 0 <7> tJc ?S T" 
lOOOfg {w#f?L^T^^ U 7 * X "7 r ^--^^ig^y 
10 7 v - i- ^ tX ft & 100 fjt \~? -1 ±IZ~7 is - Y <F> & V ^ 

X' 2 < (2C1- 87® *B*)i#^{23F4- 70*1 

3 F 4 - 70S m <T> m & li 2 C 1 - S7m$&1X 
o ^ l- — h 0.05% 7 'f - ^20^PBSi§?gT-7lnI 

6 ) fi£ ^ 

IZ7 u - h ^-7 x;M:^a L, 30# fSl M X' fx. £ -\t 

0. 5mM 4->f-yp»>i''<i;7*V^7^>^7* — h 
is ^ ? S - /U T Z > 10ml 

( MgCl 2 • H 2 0) 10 mg 

25 ^ S * 90 m i 
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7) m h 

« *te FKBP — 12t§ ^Wftb^)l:4%7D 7 ^i-x- 

0 . 1 % «y W - > 2 OW^gJUiiJpit^i^iwiigi: 

1, to 7o - (jflia^, s * r §a ) c j: 9 at 

5 3tai*-(Ex. 360nm, Em. 460nm) * $1) £ i~ & „ 



^1 FKBP-12<7>g*3tfcS?Bi|£j£ 
(AP-Mc AbS) mm 



10 



15 



20 



F K B P - 1 2 
. & & 
( ng/ m 1 ) 


( ) 


3 F 4 - 7 0 


2 C 1 - 8 7 


500 


5 16 8 


4 5 16 


250 


4 4 3 4 


3 6 12 


125 


2 9 7 9 


2 0 8 3 


62. 5 


18 3 7 


115 8 


31. 25 


9 0 9 


4 3 2 


15. 625 


4 0 2 


1 6 2 


7. 8125 


15 5 


4 8 



nmm2. fkbp- i2<r>&mft&mz.& ( t * f- > - McAb 

Sc ) 



25 
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i) *s?v-i->i>tji#i<F>\ijr + > i&t& 

n K 2 mg<7)t^FKBP-12^e J 9 u - ± )\, ft 2 C 1 
- 87* £ V> (2 3 F 4 -70£7.5%fi#t&^ h ^ A *f 
® & ( PH8. 5) Sill n ! CSff L 10mg/ m I <7) BNH S 
5 (N-hydroxysuccinimidyl-6- ( biotinamido) 

hexanoate, ^< ? ? - It $1 , = — KSP- 1200)<?>DMS0 
8 tt 20 0 1 £ ftp £ , B**«#L*a«<!, f Iigf2B$K 

PBS(C n L X - Bfc 3 ft L , V* + >%L 
& tii W 1 ml * f# £ 0 

t/;D-t;uijt#2 C 1 -87fc L<{23 F4 -70 
O PBSjg ( 5 m/bD 50/i If X <J ■"ffflri/- 

h (vJf yy-rF96, ? > 7 <F> & * ;w j- # 

& L , 4 tf-^iSfiti, 7 W - h ^ 0. 05% «y - 
5 >206OPBSi§S£T" 3 Wi ifc ft ~f Z o 
3) ^Htfjn&igflfcit&ft: 

±KO#rw - K:, 4%7D 7 ;x-7(i=ej$) 

o**«e* 250/1 l, MiST-3o#afcg&, ri/- 

h £ 0. 05% »y >f - > 200) PBS?§ & X' 1 0 % » f 5 0 

o 4) fliJjiit/i;#^/£ 

4 % -7 u . y ?.x — X - 0.1% -y>f - >20O7|cig?gr- 
#*?L*;^mFKBP-12j§Hgl00/" lf^^lieru - h 

^ f "C 2 ^ g < „ -/W- h ^0.05%7-f->20 
5 <75 PBSJS m X 7 tsl fjfe m -r & „ 
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5 ) H f$$ trL ft S Jic? 

1 % T n y ? ;n - * - o . 1 % *y ^ — > 2 0 ?g fi£ T" 

10001$ {c^f^L^iietr^-^^^gs^y ^ d - /i< fit 
f£ £ 1 00 ,u If olierw - hO&^^^d^&L, -7 0 
5 ^ l> ;#t-fIH U^(,IiSf2||ilii{ 

( 2 C 1 -87@tB<7)J&£>li3 F 4 - 70^ g ft # , 3 F 
4-70E*B<7>S§<£{22Cl- 87^ l& tZ ft ) „ -7* U - h 

* o. 05% *y >f - > 2oco pbs}§ & r- 7 m m & 1- a . 
6) b*^^>-re^>^:/s 

10 1 % "7" o -y ^ ^ — X - 0 . 1 % *y >f — > 20O * iS ift T 

looofg # f? l r >u # 7* x77;-^gK7t 

^^^SJgEC-c^^-ttK, 3 - K A -2100) £ ±117 
W - h^#'7i/KZ^aL, 7"^ - h S * -tf" - T' Jg £: 
•9 L Sr a* g ffl T 30# B3 g < 0 -ri^-h^O. 05% *y 
J 5 >f - > 20<O PBSi§ ^ T- 7 ® ifc ftt -f 5 . 

7 ) 6£ ^ Z£ IS 

TICO J: 3 CMS L *:*X£J18K ( 100 // 1 ) £ _h 

ieyu-F§-7x;n:^j£L, 30 # eg ^ i£ r- K ? 

20 : 



0.5mM 4 - f ^ > ^ ij 7^ 'J /I' 7 t ^ 7 x - f» 



y x ^ / - ^ 7 ; > 



10 ml 



25 



£ ft ^ * ^ *7 • 1 7jc ffi ft 

( MgCl 2 • H 2 0) 
M S 7jc 



90 ml 



10 mg 
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10 



15 



20 



8) m £ 



mm?™?- i2mm<7)Rt> o iz 4 %y n . y ? * - 

0. 1 % *y 4 - > 20(7) TKft***^^^*^^^ bb £ 
3fc&^ (Ex. 360nm, Era. 460nm) £ £ -f -5 „ 

£i ± ^ si % m <n & m & m 2 c ^ -t „ 

H 2 FKBP-l 2^^^^^^^^ 
(e**>-McAbi£) *Sm 



F K B P — 1 2 
( ng/ m 1 ) 



* - «: * 




25 
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nmmz. fkbp- \z<r>mm%^m^m ( ap- ami a - 

McAbi£ ) 1) Ul#Ol!tB^<7)iJft:gF£|fl= 
/ 7v-1-;\,tjitti3 F 4 -70COPBS?g?£(5 a< g/ 
ml)50/i If O^l 'J-ffflT 9 ^ - h (vdf y V - 7 F96, 
5 jJ^^ttK) ^§->x;K:^liL, 4 °C T" — jfeSIf 

£ o 7*1/- )> H. 05% *y -f - > 20CO PBS?§ 3 GO ?$fc 

f 

± ie w § y i/ - h tc , 4%ro y 7 x - * ( 15 ie > 

10 CO 7|c & £ 250 At 1 # it L , M iS T* 30;t> Jfc g |£ , 7> U - 

h £ 0. 05% -y >f - > 20O PBS?g & X' 1 0 ?ft ^ f & 0 

3) ffi # K 

4 % 7 u y ? X — * - 0 . 1 % *y >f — > 20C 7 ) 7|c )§ ?g -e 

# l fz m m fkbp - i2?§ m ioom 1 -r o £ ± =e -r w - h 
*^iiat- 2 p$r«8i < . 

4) 2 C 1 - 87, AP-anti A *£ # ft= $g 

t/;D-t/PR*2 C 1 -87$: 5 ^ g/ralCtf S 
1 % 7 U y ? x — X - 0 . 1 % 'y >f — ^ 2 0 7]t }§ -c 

20 # ^ L c ti iz 5000fg J: t 1:7^* 'J 7 t x 

4*T?Sai;-1±§}l, n-K 1060- 04) £ J&fl £ 2 B$ 
fSI fifc S -f 1) o 



25 
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5) &&iXftKlB 

~? ^ - h £ 0. 05% «y - > 20«O PBSig ?& T" 7 0 ftfc ft 
L, 4) T^ll Lfcfe^ttfl:* ioo/i If -JlKri/- 

s ^*^iiuf2^sii< e r u - h ^ o. 05» -y -f - > 
200 pbs® r- 7 m m&i- z . 

Tie<7) «k ^ (cms l tz mm mm mm c 100 ^ i ) &± 

S£ 3£ ^ © j§ : 

0. 5mM 4 - /f^/^v^^x 'i fl' 7 t 7 7 i - \- 
*=**S-n>T%> 10 ml 

15 (M * C1 2 ' H 2°> 10 mg 

M S tJc 90 ml 

7) ?9J£ 

£?*gFKBP- 12ig&<7)ft ;b 9 (C4%^a. y ^^-x- 
0. \ % y 4 - > 20(7) *mmt:iQ£tz<?*Ji'£ttffe{} 1 

20 L ' 4 h "7 o - * i; # T K ) C J; I) f 

3t Si £ (Ex. 360nm. Em. 460nm) 



25 
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m. 3 fkbp-1 i<r>&m$L&m-£m 

(AP-an t i A - M c A b & ) 



FKBP-1 2 
( rig/ m 1 ) 


H # 3$ 


500 


3 3 16 


250 


2 2 6 3 


125 


13 14 


62. 5 


7 0 7 


31.25 


3 0 9 


15. 625 


1 4 7 


7.8125 


8 6 



%mm 4 . thjfiLit^cT) fkbp — i2ig ^ c7) m 



%mm 2 <r> 4) t: u t ^ M W % f K jt H » T L 
^7" 1/- h x;n:50/i IO0.4%xf u > -;r J > 

20 E i ft - f h 'J ^ A , 2 7* *D % ( EDT A — 2 Na) , A % 

-7 n ; ? — x , 0 . 1 % *y >f — >20£^tf7M§i& ( iil & 
T y -fc 4 y "7 T - £ 16 & ) £ to X. tz <T> , 4 % T o -y 
? i - X , 0.1%*y>f->'20^)*»a (Ja«7 ■yfe'f * 
& 1C J£ ) T* # L FKBP - 12*«Htg»tL. t h 
25 jfii. m ( *f fl?. ) * S fi FKBP- 12£ 25ng/ ml C:: £ J: •) 
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i-mto l tz t y stm z sou iim z. z a stm^^mm fkbp 
- m m * m m a m «t o it* l * c e*** 4 tc^ 



^ 4 . h Hif}>w F K B P - 1 2 jg^J 



15 



20 



5 




FKBP - 1 2 » ft * £ tt 
( ng/ m 1 ) 




1 


2 9. 45 




2 


2 3. 32 


10 


3 


3 2. 93 




4 


3 3. 77 



25 



n&ms. m. jul m <r> m % z & # <n m + fkbp- i2&£ <r> m 

( A . B , C ) 
Ljt*FKBP-i2«ft«r*^ Lit. %mmz<r> 

T7-b^|?S[ftl?L fc««FKBP- 12* £ lim-B 
»*fe«*LfcJl» t *w< U > « A A* , EDTA-Na^jfc 

+ FKBP- 12^zgft^^^ffi^J: 0 ft* Lfc. ** 
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m. 5 . sRjfiL&oii&ajfiL+FKBP-i 2 mm.<r>m^. 



5 



10 





!£jf!L;frl£/FKBP-l 2 ( ng/ml) 




E D T A — N a 
#c jfo. jfo. & 


flc JAL Jill & 


Jill flf 


A 


5 8. 69 


6 2. 38 


5 9. 48 


B 


5 4 7 . 5 


5 0 0 . 5 


5 3 8 . 9 


C 


5 3. 65 


5 2. 50 


5 4. 43 



%mm 6 . fff«#*A*WFKBP- 12igm<7)8i|;£ 

«fe fli 5 t [rJ & C JUL * FKBP- 12® £ £ M £ L . & M & m 
6 (C ^ i" o 

15 



20 



25 
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^6. iffm&m&%<?)ik'fiFKBP-i2mig<7>mx. 



15 



¥• ffi '& <r> b » 


ifiL^FKBP - 1 2 m&. 
( n g / m 1 ) 


ftj iiij 


> 3 0 0 0 


4 B 


4 5 9 . 1 


5 B 


2 3 4 . 5 


7 B 


2 5 0 . 0 


1 1 B 


4 4 3 . 5 


1 4 B 


15 3. 3 


1 7 B 


2 7 0. 4 


1 8 B 


8 1. 11 
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lit # o 9S H 

1. ®*8{C[S£ft:£ft.^£-fcLf* ( FK506IS & S & » * 
14 * (JO FK506IS & % & It & £ V & -tiift ( FK506IS ^16 

i- h FKsoeie ^af&*«o«as*^(i»aiM^^ffi. 

10 FK5 06*£ ^ S & ® FK506 £ co IS £ EE § 1" £ .1 i: CO 

^ * / ? o-^/wft#-CA£lS*<0*Efflm 1 *H 1£ <0 # 

3 . FK506i^^SeK**FKBP - 1 2 T * £ iff <0 fg B ffl 1 
« * li £ 2 ^ 1C fit CO # o 

15 4. f[i«:ft:A , fiii8i*^tur«:*t*'), * <o & 

S:?i|fflt4:!:i:J:9, 4 * li i «{b i 

^*^{i^3^se«<7>^^ 0 

5. « Sfc a* H £ T* * 9 , * o # £ g K £ fij ffl 1~ * f j| 

6. V * 1- > X' b V . *<0h*;t^><!:£;j£1-£T 
t^v^^ffl?-*. « ^ L ^: 7 f y > ^) # 4 J /: li I J 

se » <o 2r & „ 

25 7 . IS L rt: T h* y <r> # £ * fz Ji £ * £ii t tz (i m £ 



10 



20 
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mmnftwm 4 « ic « «o # & c 
io. tt^^9Afia# J j» ai | ftsltT1?Jl9A 

^ 0 fit # T * * Iff 2* |g ffl £ 9 « le o # & 0 
12. **#T n,» x) 7 * * 7 7 f hmtL „ mm 
14. B*KBtfl:?UI-a# ( FK506*S^£ & ® 0 

aiftSifeB»t«*/;n-t/i, ttfl5 ) (i) 

#^«^lil6»llljfclj|| t4:uw||:t 

15. FK506**»&* % * 

25 -T £ * y h „ 
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FK506 Measurement: Comparison of Different 
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Summary; In this study, we used solid-phase extraction with Sep-Pak and a 
liquid-liquid extraction with methylene chloride as two primary methods of 
extracting FK506 from plasma. The extracts were either analyzed directly by 
enzyme-linked immunosorbent assay (ELISA) or subjected to high-perfor- 
mance liquid chromatography (HPLC) separation and different fractions were 
analyzed by ELISA. Serial blood samples were obtained from four kidney 
transplant patients and four patients who underwent liver transplantation, from 
day 1 until day 30-35 posttransplantation. There was no significant difference 
in the FK5Q6 plasma concentration as measured by all four methods in normal 
transplant patients. However, in liver transplant patients, the solid-phase ex- 
traction method gave higher FK506 concentrations than the methylene chlo- 
ride extraction during the early postoperative period. The concentrations mea- 
sured after methylene chloride extraction were higher than that after HPLC- 
ELISA. This higher FK506 concentration measured by direct ELISA could be 
attributed to possible cross-reacting metabolites that were present in the 
plasma of patients with abnormal liver functions. Once liver function returns to 
normal, all four methods give identical plasma concentrations for FK506* Key 
Words: FK506— Immunosuppression, 



FK506 is currently under clinical investigation as 
an immunosuppressive agent in various organ trans- 
plant patients (1). It is a very potent compound that 
appears to have significant nephrotoxicity as a ma- 
jor side effect (2). Pharmacokinetic studies of 
FK506 have shown that there is a large inter- and 
intraindividual variation in its kinetics in organ 
transplant patients (3,4). These factors necessitate 
routine monitoring of plasma FK506 concentration 
in transplant patients in an effort to optimize FK506 
therapy. Plasma FK506 concentrations are cur- 
rently measured at the University of Pittsburgh 
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Medical Center by an enzyme-linked immunosor- 
bent assay (ELISA) method after a solid phase ex- 
traction (5,6). In addition, FK506 can also be mea- 
sured in whole blood by a radioreceptor assay (7), 
high-performance liquid chromatography-mass 
spectrometry (HPLC-MS) assay (8,9), Abbott IMx 
method (10), and in serum - by a combined HPLC- 
ELISA method (11). A recent study has shown that 
FK506 concentrations, as measured by ELISA af- 
ter a solid phase extraction, are higher than those 
measured after a liquid-liquid extraction, using 
methylene chloride (12,13), The primary objective 
of this study was to evaluate the effect of two dif- 
ferent extraction procedures for measurement of 
trough FK506 concentrations in plasma samples ob- 
tained from liver and kidney transplant patients in 
comparison to a specific analytical procedure that 
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?s a HPLC separation step, to separate potential 
C506 metabolites from FK506 before use of 
JSA. 

MATERIALS AND METHODS 
Materials 

FK506 drug, monoclonal antibody for FK506, 
»d FK506 peroxidase enzyme conjugate were sup- 
ied by Fujisawa Pharmaceuticals (Osaka, Japan), 
nti-mouse IgG was purchased from Atlantic Anti- 
lles (Stillwater, MN, U.S.A.). C-18 Sep-Pak col- 
mns were obtained from Waters (Milford, MA, 
I.S.A.). O-Phenylenediamine (OPD) was pur- 
hased from Sigma (St. Louis, MO, U.S.A.). Other 
•agents were purchased from Fisher Scientific 
Pittsburgh, PA, U.S.A.). 

Methods 

Clinical Protocol 

Daily trough blood samples were collected from 
our liver and four kidney transplant patients from 
lay 1 till 30-35 days posttransplantation. Biochem- 
,cal parameters characterizing kidney function (se- 
rum creatinine) and liver function (bilirubin, aspar- 
tate aminotransferase, alanine aminotransferase) 
were measured in these patients over the entire 
study period. Blood samples obtained for FK506 
measurement were incubated at 3T for 45 min. The 
plasma was separated at 3rC and extracted by the 
methods described below and subjected to ELISA 
analysis. 

Solid-Phase Extraction 

Plasma (100 u4) in duplicate was acidified with 1 
ml of 0.1 N HC1 and passed through a C-18 Sep-Pak 
cartridge which was prewashed with 4% acetic acid. 
After an additional wash with 4% acetic acid, 
FK506 was eluted with 2 ml methanol (6). The 
methanol was evaporated under nitrogen and the 
FK506 content was analyzed by ELISA. 

Liquid-Liquid Extraction with Methylene Chloride 

Plasma (100 u4) in duplicate was acidified with 1 
ml of 0.1 N HC1 and extracted with 5 ml of methy- 
lene chloride. This procedure is a minor modifica- 
tion of the procedure described by Kobayashi et al. 
(12). The organic layer was collected and evapo- 



rated under nitrogen at room temperature and 
FK506 content was analyzed by ELISA. 

High-Performance Liquid Chromatography 

Plasma extracts prepared by solid phase extrac- 
tion and methylene chloride extraction were dis- 
solved in methanol and subjected to HPLC separa- 
tion. HPLC was performed on a Waters 600E mul- 
tisolvent delivery system equipped with a system 
controller and a 994 photodiode array detector. For 
the separation of FK506, its metabolites, and en- 
dogenous compounds, we used 3.9-mm ID x 15.0- 
cm long analytical column filled with uBondaPak 
C-18 (Catalog no. 86684, Waters Associates). The 
column temperature was set to 60°C for the analy- 
sis. A mobile phase consisting of 80% methanol and 
20% H 2 0 (acidified to pH 6.0 with HC1) was used to 
elute different components from the column at a 
flow rate of 0.8 ml/min. The eluents were monitored 
at 214 nro. The retention time of FK506 was 4.8 min 
under these conditions. Two fractions were col- 
lected from 0-3.6 and 3.6-6 min with greater than 
99% of the parent FK506 being collected in the sec- 
ond fraction. Both fractions were evaporated under 
nitrogen and the residue analyzed for FK506 using 
ELISA. 

RESULTS 

The biochemical profiles of the patients studied 
are listed in Table 1. Patients received intravenous 
FK506 at a dose of 0.05 mg/kg/day as a continuous 

TABLE 1. Biochemical profile in four liver and four 
kidney transplant patients ^^^^^ 



Creatinine 
(mg/dl) 



Bilirubin 
(mg/dl) 



Patient 






name 


c 


d 


Kidney 


11.8 


1.9 


HB 


HG 


10.0 


2.3 


GW 


8.8 


3.0 


FB 


7.5 


1.9 


Liver 






MK 


1.8 


1.9 


JR 


1.9 


1.4 


BC 


0.3 


1.3 


AA 


0,4 


0.8 



0.4 
0.4 
1.3 
0.5 

2.8 
7.1 
1.8 
3.1 



0.3 
1,2 
0.8 
0.4 

0.9 
0.9 
0.7 
1.0 



AST" 


ALT* 




au/L) 


(IU/L) 




c d m 


c 


d 


31 12 


21 


51 


51 46 


80 


86 


20 36 


10 


56 


15 9 


32 


20 


952 21 


1,188 


29 


194 U 


303 


30 


69 49 


1,423 


61 


59 30 


159 


31 



* Aspartate aminotransferase. 

* Alanine aminotransferase. 

c During the immediate postoperative period. 
d Four weeks after transplantation. 
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infusion during the immediate postoperative time 
and for up to 3-7 days. They were converted to oral 
therapy at a dose of 0. IS mg/kg day as soon as they 
were ready for oral intake. All kidney transplant 
patients had normal liver function tests and all liver 
transplant patients had normal kidney function 
throughout the entire course of study. The interday 
coefficient of variation of the HPLC-ELISA 
method is 16.5% (n - 20). Because HPLC-ELISA 
after Sep-Pak and methylene chloride were similar 
(r 2 = 0.95), these values were averaged and com- 
pared with direct ELISA, The regression equation 
of the FK506 concentrations measured by methy- 
lene chloride-ELISA versus Sep-Pak-ELISA is 
given as follows: methylene chloride method (ng/ 
ml) - 0.066 + 0.91 [Sep-Pak method (ng/ml)L r 2 = 
0.94; p < 0.0L 

In all the kidney patients, the concentration of 
FK506 in plasma was very similar when measured 
by ELISA following Sep-Pak or methylene chloride 
extraction as indicated in Fig. 1. In addition, sepa- 
ration of potential FK metabolites from parent 
FK506 by HPLC and subsequent ELISA assay also 
gave similar FK506 concentrations. In this group of 
patients, there was no difference in FK5Q6 concen- 
tration as measured by the three methods, irrespec- 
tive of whether the patient was on intravenous or 
oral FK506 therapy, or irrespective of the func- 
tional status of the kidney. 

In liver transplant patients, during the immediate 
postoperative period, the bilirubin concentration 



was high and decreased to normal values over a 
time period, as indicated in Fig. 2. In three of the 
patients (JR, MK, AA), during the immediate post- 
operative period, serum bilirubin was elevated, and 
FK506 concentrations measured by Sep-Pak- 
ELISA was higher in comparison with methylene 
chloride-ELISA. However, both of these estimates 
were also higher than the values obtained by 
HPLC-ELISA. As the bilirubin concentrations re- 
turned toward normal values, the concentration of 
FK506 measured by all three methods was almost 
identical. In one patient (BC), however, from day 1 
posttransplant all the assay methods provided the 
same values. The highest total bilirubin in this pa- 
tient was only 1.8 mg/dl which is indicative of near 
normal function of the liver. In this patient, on days 
10 and 32, FK506 concentrations were significantly 
elevated as measured by all three methods* 

DISCUSSION 

Over the past several years, we have been using 
a Sep-Pak extraction procedure for measuring 
plasma concentrations of FK506. Recently, a meth- 
ylene chloride extraction procedure has been re- 
ported for measurement of FK506 in plasma (12), 
This procedure tends to give lower values in com- 
parison to the Sep-Pak extraction procedure* It is 
believed that this is due to accumulated FK506 me- 
tabolites that co-elute in the solid-phase extraction 
and that are not extracted by the methylene chlo- 




FIQ. 1. Plasma FK506 concentrations aa mea- 
sured by Sep-Pak ELISA (O), methylene chlo- 
ride ELISA (□). HPLC ELISA (A), and creati- 
nine (#) in four kidney transplant patients. 



DAYS POST TRANSPLANT 



Tfur Drug Monti, Vol. 13, No. 3 t 1903 



FK506 MEASUREMENT 



207 



FIG, 2. Plasma FK506 concentrations as mea* 
surod by Sep-Pak ELISA (0) f methylene chlo- 
ride ELISA <□), HPLC ELISA (A), and bilirubin 
(•) in four liver transplant patients. 




10 2D SO 4Q 




ride. In order to evaluate the specificity of the Sep- 
Pak and methylene chloride methods, we developed 
an HPLC-ELISA method for measuring parent 
FK506 in plasma. Our results indicate that in pa- 
tients with normal liver function, concentrations of 
FK506, as measured by a specific HPLC-ELISA 
method, is similar to the concentrations measured 
by Sep-Pak-ELISA or methylene chloride-ELlSA. 
This is true independently of whether the organ 
transplanted is kidney or liver. This is perhaps due 
to the fact that in patients with normal hepatic func- 
tion, very little, if any, of the metabolites of FK506 
accumulate in the plasma and are, therefore, ex- 
tracted from plasma. In liver transplant patients, 
during the immediate postoperative period when 
the liver function is not normal, as indicated by el- 
evated bilirubin concentrations, the Sep-Pak proce- 
dure gives the highest values and HPLC-ELISA 
gives the lowest, indicating accumulation of the me- 
tabolites in these patients. These metabolites cross- 
react with the monoclonal antibody used in the 
ELISA procedure, Once hepatic function im- 
proves, the liver is able to clear most of the metab- 
olites of FK506 with the result that there is no sig- 
nificant difference between concentrations mea- 
sured by the different methods. 

Our results also indicate that changes in kidney 
function, as measured by serum creatinine, did not 
have any influence on the FK506 concentration as 
measured by all three methods. This suggests that 
only a very small amount of FK506 metabolites are, 
in fact, excreted through the kidney. This fact is 




ao 30 40 0 10 

DAYS POST TRANSPLANT 

supported by our previous observation of renal 
clearance of FK506 to be <1% of total body clear- 
ance (4). 

The observation that FK506 levels, measured by 
the three different methods, are also independent of 
the route of administration, suggest the following: 

(a) There is no route-dependent metabolism of 
FK506, indicating minimal gut metabolism; and/or 

(b) any metabolite produced in the small intestine 
minimally cross-reacts with the monoclonal anti- 
body used in the ELISA assay, Recent evidence 
points to the potential for gut metabolism of FK in 
humans (9). However, the extent of cross reactivity 
of the metabolites produced in the small intestine 
with the monoclonal antibody used in ELISA is not 
known at this time. 

CONCLUSIONS 

A solid phase extraction method and a liquid- 
liquid extraction method using methylene chloride 
were studied, in comparison to an HPLC method 
for measuring FK506 plasma concentrations. In 
kidney transplant patients, there was no difference 
in FK506 concentrations obtained by the different 
procedures used. In liver transplant patients, the 
solid-phase extraction method gave higher FK506 
concentrations than the methylene chloride extrac- 
tion only in patients with abnormal liver function. 
HPLC separation procedure before ELISA indi- 
cated that the elevated FK506 levels from solid- 
phase-ELISA and methylene chloride-ELISA were 
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due to cross-reacting metabolites that were present 
in these patients. Presently, at our medical center 
patients are maintained at trough plasma concentra- 
tions between 0,5 and 2.0 ng/ml. Therapeutic range 
for FK506 concentrations in plasma is independent 
of the assay method used in patients with normal 
liver function. However, in the presence of liver 
dysfunction, both methylene chloride-ELISA and 
Sep-Pak-ELISA will measure some of the metabo- 
lites and this should be kept in mind in interpreting 
the data. 

Acknowledgment: We acknowledge the Pathology Ed- 
ucation & Research Foundation (PERF) for their finan- 
cial support of this project. 
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FK-506, A MACROLIDE antibiotic ob- 
tained from Streptomyces tsukubaensis, 
strain No. 9993, was isolated from the soil of 
Tsukuba, northern Japan. 1 Its structure has 
been determined chemically 2,3 and by x-ray 
crystallography. 4 FK-506 has been shown to 
have strong immunosuppressive activity 
against a mixed lymphocyte reaction (MLR) 1 
and promises to be useful in organ transplan- 
tation. 5 Its mechanism is considered , to be a 
suppression of both interleukin 2 (IL-2) and 
IL-2 receptor expression on T cells. 1,6 Its 
activity has been reported to be 100 times 
more potent than that of cyclosporine A 
(CsA). As such, a sensitive assay method for a 
more potent immunosuppressant of FK-506 is 
crucial for pharmacokinetic studies and for 
setting effective administration dosages. 

Here, we report a simple, safe, and sensitive 
enzyme immunoassay (EI A) for FK-506. The 
pharmacokinetics were also monitored after 
low-dose administration of FK-506 in dogs. 

MATERIALS AND METHODS 

Preparation of FK-506 Hemisuccin ate 

FK-506 hemisuccinate (90 mg) was prepared from 248 
mg FK-506 and 145 mg succinic anhydride with 
4-dimcthylaminopyridine in pyridine. 

Preparation of Activated Ester 
of FK-506 Hemisuccinate 

The activated ester (74. 1 mg) was prepared by reacting 
90 mg of FK-506 hemisuccinate and 12.7 mg of 
7V-hydroxysuccinimide with dicyclohexylcarbodiirnide in 
ethyl acetate. 



4°C. The preparation was used without further purifica- 
tion for raising antibodies both in the rabbit and mouse. 

Preparation of Horseradish 
Peroxidase-FK-506 Conjugate 

An activated ester solution of FK-506 (0.48 mg) in 
dioxane (10 pL) was mixed with a solution of horseradish 
peroxidase (POD; type IV, Sigma Chemical Co, St Louis, 
MO; 10 mg) in 0,18 mL oF dioxane and 0.18 mL of 0,5% 
NaHCO> solution and stirred at 4°C for 2.5 hours. To 
this reaction mixture, 1.77 mL of 50 mmol/L PB (pH 
7.0) containing 0.1% (wi/val) gelatine was added, and the; 
solution was dialyzed against 50 mmol/L PB (pH 7.0) 
completely. This POD- FK-506 solution was diluted 2 x 
lO'-fold with 1% (wt/vol) BSA in phosphate buffered 
saline (PBS) (1% BSA-PBS) and used in the assay. 

Preparation of Polyclonal A ntibody 
to FK-506 

The BSA-FK-506 conjugate (1.6 mg as BSA ) in PBS 
solution (2.5 mL) was used to immunize a New Zealand 
white rabbit with Freund 1 * complete adjuvant (FCA) (2.5 
mL) and was followed by a couple of boosters containing 
a suspension of BSA-FK-506 conjugate (1.6 mg as BSA) 
in PBS (2.5 mL) and Freund's incomplete adjuvant 
(FIA) (2.5 mL). Scrum with high antibody titers and 
with suppressive activity to FK-506 MLR inhibition was 
collected, and a. crude IgG fraction was precipitated at 
33% (NHJzSO,. IgG was purified on DE-52 columns in 
20 mmol/L PB (pH 8.0). Fractions that passed through 
the column were collected and used for EIA as purified 
polyclonal antibody (PcAb) against FK-506. 

Preparation of Monoclonal Ant ibody 
to FK-506 

A PBS solution (0.2 mL) of the BSA-FK-506 conju- 
gate (50 Mg as BSA) was used to immunize BALB/c mice 



Preparation of pSrf-FK- Wt Conjugate 

A solution of bovine serum albumin (BSA) (Armour 
Pharmaceutical Co. Kankakee, IU 197 mg) in 50 mmol/ 
L phosphate buffer (PB; 6 mL, pH 7.3) was added to a 
solution o f the activai gd-eaterft? mg) in dioxane (3 mL). 
The solution was stirred for three days at 4°C and then 
dialyzed against 50 mmol/L PB (pH 7.3) for 24 hours at 
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Fig 1 . Preparation of mouse MoAb to FK-506. 

with 0.2 mL of FCA (Fig 1). The mice were boosted a 
couple of times with intraperitoneal injections of BSA- 
FK-506 (0.2 mL; 50 M g as BSA) and FIA (0.2 mL), 
Three days after the last boosting with an intravenous 
injection of BSA-FK-506 (0.2 mL; 200 fig as BSA), the 
spleen was excised and used for cell fusion. The spleen 
cclis were fused with mouse myeloma cells 
(P3X63Ag8U,l) at a 5:1 ratio with 45% polyethylene 
glycol. After hypoxanthine-aminopierin-thymidine 
(HAT) selection, hybridoma cells were screened for spe- 
cific IgG against FK-S06 and not against BSA. Clones 
whose supernatant showed positive reactions in their 
affinity to BSA-FK-506 but became negative in the 
presence of excess free FK-506 were selected. After 
cloning by the limiting dilution method, three clones were 
expanded in the peritoneal cavity of pristane-primed 
BALB/c mice, and IgG was purified by (NH^iSO* 
precipitation and DE-5 2 chromatography. Each purified 
IgG/ was characterized by the Ouchterlony method, and 
their-, dctcctability for FK-506 was tested in one-step 
EIA. 

Two-Step EI A Procedure 

First, an ti mouse IgG Ab was adsorbed onto a 96-welI 
microtiter plate (Sumitomo Bakclitc MS-3596F, Tokyo) 
by incubating the plate overnight at 4°C with 200 pL of 
antimousc IgG Ab in PBS (3 Mg/mL) per well. The 
antibody solution was aspirated off, 300 nL of 1% BSA- 



PBS solution was added, and the plate was incubated for 
30 minutes at 37°C to cover all nonspecific binding sites. . 
The solution was substituted with 100 ilL of the 2 x 
10 fl - fold-diluted solution of POD-FK-506 diluted with 
1% BSA-PBS. To this solution in the well was added 100 
til of FK-506 solution (FK-506 standard solution appro- 
priately diluted with 10% normal plasma in 1% BSA-PBS 
or a tenfold-diluted plasma sample in 1 % BSA-PBS from 
an animal treated with FK-506). Then, 50 mL of mono- 
clonal antibody (MoAb) solution (10 ng/mL) in 1% 
BSA-PBS was added to each well, and the plate was 
incubated at 4°C overnight. The solution was aspirated 
off, and the plate was washed with 0.05% Tween 20-PBS 
and washed again with PBS. The enzyme substrate 
solution was added, and the plate was left at room 
temperature for 30 to 60 minutes until a good optical 
density of 492 nm (OD 492 ) was attained. The colorimetric 
reaction was stopped by the addition of 50 ^L of a 4 N 
HjS0 4 aqueous solution. The OD 4fl : was measured and 
plotted on a semilogarithmic graph. The concentration of 
FK-506 is on the abscissa of the logarithmic scale, and 
OD m is on the ordinate, of the normal scale. 

Enzyme substrate solution was prepared by dissolving 
100 mg of ophenyienediamine hydrochloride and 50 jtL 
of 30% Hj0 2 in 100 mL of phosphate-citrate bufTer (pH 
5.4). The phosphate-citrate bufTer (pH 5.4) used in this 
experiment was prepared by adjusting the pH of a 0.1 
mol/L Na 2 HPO, aqueous solution with a 0. 1 mol/L citric 
acid aqueous solution lo pH 5.4. 

One-Step EIA Procedure 

The PcAb or MoAb concentration used in one-step 
EIA was 20 Mfi/mL in PBS. Competitive reaction 
between free FK-506 and POD-FK-506 was started by 
the addition of these two components. The concentration 
of POD-FK-506 and the rest of the procedure were the 
same as those in two-step EIA (Fig 2). 

RESULTS 

Preparation of PcAb to FK-506 

After the fourth immunization, the titer 
(the dilution fold that causes 50% decrease of 
antibody binding to BSA-FK-506) was 10 4 . 
From 340 mL of antiserum. 5,646 mg of PcAb 
to FK-506 was obtained by purification as 
described in Materials and Methods. 

Preparation of MoAb to FK-506 

After HAT selection and two screenings, 
three hybridomas that produced MoAbs spe- 
cific against FK-506 were cloned. Each of 
these monoclonal hybridomas, 1-40-56, 1-53- 
19, and 1-60-46, was expanded in the perito- 
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Fig 2. illustration of (A) one-step EJA end (B) two-step EIA. 



neal cavity of pristane-primed BALB/c mice 
and yielded respective purified anti-FK-506 
MoAbs after conventional purification. The 
data of MoAb production and their character- 
istics are shown in Table 1 , 

Comparison of One-Step EIA With PcAb 
and MoAb 

The results of one-step EIA with PcAbs and 
MoAbs are shown in Fig 3. PcAb gave the 
highest sensitivity, and the minimum detec- 
tion level was 0.33 ng/mL in 10% plasma. Of 
the MoAbs, MoAb 1-60-46 gave the best 
sensitivity, which was 1 ng/mL in 10% plas- 
ma. The most striking difference between 
MoAb 1-60-46 and PcAb was that the stan- 
dard curve was steeper with the MoAb, with a 
detection range from 1 ng/mL in 10% plasma 
to 100 ng/mL in 10% plasma, whereas that 
with PcAb was shallow and gave a wider 
detection range from 0.33 ng/mL in 10% 
plasma to 10 3 ng/mL in 10% plasma. 

Table 1 . MoAb Production and Their Subclass 





Ascites 


Purified IqG 




MoAb 


W.) 


<ms) 


IgG Subclass 


1-40-56 


11 


125.5 


IgGl 


1-53-19 


6 


18,7 


tgG2b 


1-60-46 


40 


175,0 


IgGl 



Precision of One-Step EIA Using PcAb 

Intraassay and interassay variances were 
assessed from the data with appropriately 
diluted FK-506 in 10% plasma and are shown 
in Table 2. The coefficients of variance were 
5.8% to 24.5% for intraassay and 4.0% to 
11,5% for interassay- 

Effect of Plasma Concentration on the Assay 
and Elimination of the Effect 
by Benzene Extraction 

The EIA sensitivity was found to depend 
heavily on the plasma concentration (Fig 4). 
When FK-506 in 100% plasma was diluted 
tenfold, the minimum detectable level was 
almost the same as that in 1% BSA-PBS, but 
this means that the sensitivity was lowered by 
tenfold. This interference by plasma concen- 
trations over 10% was eliminated by benzene 
extraction of the plasma sample (Fig 4); di- 
chloromethane extraction could also eliminate 
the effect (data not shown). 

More Highly Sensitive Assay System 
of Two-Step EIA 

When the two-step EIA was applied to 
PcAb, the minimum detectable level came 
down to 1 pg/mL, a 300-fold improvement in 
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Fig 3. Standard curves of FK-506 by two-step El A using PcAb and MoAb 1-60-46 and those by one-step El A 

using PcAb and three Mo Aba. A A, PcAb one-step ElA; X — X, MoAb 1-40-56 one-step EIA; □ — MoAb 

1-63-19 one-step EIA; O— O, MoAb 1-60-46 one-step EIA; A- — A. PcAb two-step ElA; •> 
two-step EIA. 



MoAb 1-60-46 



the sensitivity. Next, MoAb 1-60-46 was 
examined for its applicability to this two-step 
EIA. As a second Ab, rabbit PcAb to mouse 
IgG prepared in our laboratory was used. In 
this assay with MoAb 1-60-46, a good mini- 
mum detectable level of 20 pg/mL in 10% 
plasma was obtained. Again, the calibration 



curve for standard FK-506 in 10% plasma was 
steeper than that with PcAb (Fig 3)- 

Precision of Two-Step EIA With MoAbs 

The intraassay and interassay coefficients 
of variance were 6.0% to 11,7% and 4.9% to 
23.1%, respectively (Table 3). 



9. 

Table 2. Precision of PcAb One-Step ElAi Coefficients of Variance for FKV506 in 10% Doq Plasma 



Sample 


Intraaaaay {n - 7) 




In tar assay In - 4) 




M«4n ± SO (nfl/ml) 


CV<%1 


Mean ± SO (nfl/mU 


CV|%) 


A 


0.388 ± 0.0517 


13.4 


0.389 £ 0,0448 


11.5 


0 


2.670 ± 0.4619 


17.3 


2.630 s 0.1578 


6.0 


c 


23.9 ± 5.858 


24.6 


22.7 ± 0.9032 


4.0 


D 


80.5 ± 4.650 


5.8 


81.4 ± 4.540 


5.6 



Abbreviation: CV. coefficient of variance. 
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Fig 4. Influence of plasma 
concentration on the one-step 
EIA of FK-506 and elimination 
of the Influence by benzene 
extraction. O — O p FK-606 in 

196 BSA-PBS; • *X FK-S06 

in 10% dog plasma 1% BSA- 

PB$; A A, FK-506 in 20% 

dog plasma 1% BSA-PBS: 

X X. FK-506 in 60% dog 

plasma 1% BSA-PBS; 

□ benzene extraction 

from plasma. 

Pharmacokinetics of FK-506 in Dogs 
After Oral Administration— Sensitive 
Two-Step EIA 



The plasma concentration of FK-506 after 
0.32 or 1 mg/kg administration of oral formu- 




10" 1 1 10 
FK-506 (ng/ml) 

lation (solid dispersion formulation [SDF] 7 ) 
was measured by two-step EIA after extrac- 
tion pretreatment and was shown in Fig 5. In 
these cases, the plasma concentration of FK- 
506 could not be measured by one-step EIA. 
Oral administration gave a peak of FK-506 



Table 3. Precision of MoAb Two-Step EIA: Coefficients of Variance for FK-506 in 10% Dog Plasma 



Sample 


tntreadaay (n - 6) 




Inter assay (n - 3) 




Maon ± SO (ns/mU 


CV (%) 


Msnn x SD Ins/ml) 


CV \%) 


A 


0.O40 x 0.0039 


9.8 


0.042 x 0.0097 


23.1 


B 


0.119 ± 0.0140 


11.7 


0.126 ± 0.0087 


6.9 


C 


0.642 ± 0.0406 


6.4 


0.668 z 0.0327 


4.9 


D 


2.49 x 0.1484 


6.0 


2.31 s 0.3350 


14.6 




within one hour after administration of either 
dosage, and at 24 hours, the FK-506 concen- 
tration was 10 pg/mL at a dose of 0,32 mg/kg 
and 100 pg/mL at 1 mg/kg, 

DISCUSSION 

Rabbii. PcAb and three mouse MoAbs 
against FK-506 were prepared by using BSA- 
FfC-506 as a hapten-carrier antigen. By using 
these antibodies, two EIA systems were estab- 
lished: one-step EIA and two-step EIA (Fig 
2). 

Anti-FK-506 Ab is adsorbed onto the plate 
first in one-step EIA, and the second Ab of 
antimouse IgG or antirabbit IgG is adsorbed 
onto the plate first in two-step EIA. As a 
result, we have four combinations of Abs and 
assay systems: PcAb one-step EIA, PcAb 
two-step EIA, MoAb one-step EIA, and 
MoAb two-step EIA. Of three MoAbs, MoAb 
1-60-46 gave the best sensitivity in one-step 
EIA (Fig 3) and was chosen for further study. 



But even with this MoAb, the sensitivity (1 
ng/mL in 10% plasma) in one-step EIA was 
inferior to that of PcAb (0.33 ng/rnL in 10% 
plasma). This PcAb one-step EIA method is 
rather simple and has satisfactory intraassay 
(5.8% to 24.5%) and interassay (4.0% to 
1 1.5%) coefficients of variance when the wide 
detection range of 0.33 to 10 3 ng/mL in 10% 
plasma was taken into account, but it was still 
not sensitive enough to monitor the plasma 
FK-506 concentration at effective doses in 
dogs. When the mechanism of EIA is consid- 
ered, higher sensitivity can be expected with 
lower concentrations of POD-FK-506. But if 
the number of anti-FK-506 Abs adsorbed on 
the plate is large compared with that of POD- 
FK-506, the free FK-506 might occupy the 
extra open anti-FK-506 Ab (Fig 2). In this 
sense, the smaller the number of the bound 
anti-FK-506 Ab (either PcAb or MoAb), the 
higher the sensitivity of the EIA. But it is 
difficult to reduce the number of bound anti- 
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FK-506 Ab on the plate accurately by only 
reducing the concentration ratio of the Ab by 
mixing with another protein such as BSA 
(data not shown) . Thus, we tried to lower the 
number of anti-FK-506 Ab bound on the 
plate by using a second Ab to anti-FK-506 
Ab. When a combination of antirabbit IgG 
Ab and anti-FK-506 PcAb (rabbit) was used, 
the minimum detectable level rose to 1 pg/mL 
in 10% plasma (Fig 3). When the combination 
of antimouse IgG Ab and anti-FK-506 MoAb 
was used, the minimum detectable level rose 
to 20 pg/rnL in 10% plasma. As is evident 
from Fig 3, the maximum OD« 2 was as low as 
0.2 for the former combination, whereas the 
maximum OD m for the latter combination 
was the normal level of 1.5. Because it was 
considered that, when the maximum OD 492 is 
low, slight errors in reading the OD492 ™ght 
cause a larger error in FK-506 concentration, 
we concluded that a combination of anti- 
FK-506 MoAb and antimouse IgG Ab was 
the one to be adopted for two-step EIA. The 
minimum detectable level of 20 pg/mL is a 
16-fold improvement over the 0.33 ng/mL by 
PcAb one-step EIA and a 50-fold improve- 
ment over the 1 ng/mL of MoAb one-step 
EIA (Table 4). 

The new method of two-step EIA afforded 
a highly sensitive assay method. This tech- 
nique is considered not to be limited only to 
FK-506 but can be applied to any enzyme 
immunoassay that requires very high sensitiv- 
ity. By using this highly sensitive EIA, we 
measured the plasma concentration of FK- 
506 after 0,32 and 1 mg/kg oral administra- 
tion (SDF). As shown in Fig 5, the FK-506 
plasma concentration was clearly monitored 
after bolus administration. With 0.32 mg/kg 



Table 4. Summary of Minimum Detection t^el 



Sompte Protrtatmeni 



Assay 



Antibody 



PtBSTTtO 

plrect Method 



Method 



One-step EIA 



Two-stap EIA 



MaAB 
PcAb 
MoAb 
PcAb 



10 ng/mL 
3.3ng/mL 
200 pfl/mL 

10pg/mL 



330pg/nL 
. 20pg/vfiL 
1 pg/mL 
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> alues were expressed in concentrations of dog ilasma. 

orally 1SDF), a peak plasma conce ttration 
(0 4 n»/mL) was attained one hoi r after 
arjmin stration, and a concentration oio.09 to 
0.06 rg/mL was maintained from Ipur to 
eight hours, whereas with 1 mg/kgr orally 
(SDF), the plasma peak level was 0.9'iig/rnL 
one hour after administration, and concentra- : 
tions of 0.6 to 03 ng/mL were maintained ' 
from four to eight hours. 

Here we have shown a highly sensitive new 
two-step EIA and that the pharmacokinetics 
of low-dose FK-506 can be monitored. The 
best dose form and route of FK-506 adminis- 
tration should be determined in accord with 
its pharmacokinetics- 
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A Combined HPLC-ELISA Evaluation of FK 506 in Transplant Patients 



M.C. Friob, A. Hassoun, D. Latinne, G. Lhoest, J.B. Otte, and P.E. Wallemacq 



FK 506 is a new immunosuppressant from Fujisawa 
Pharmaceuticals (Osaka, Japan) currently under clin- 
ical trials in organ transplantation. However, besides its 
recognized therapeutic properties, it does not seem devoid 
of side effects; hence, it appears advisable to monitor its 
serum or whole blood concentrations to adjust the dosage 
regimen. An enzyme-linked immunosorbent assay (ELISA) 
is currently the method developed by Fujisawa to analyze 
FK 506 in biologic fluids. 

The aim of our study is to evaluate the specificity of the 
ELISA in hepatic transplant patients, and to develop a 
method to determine unchanged FK 506 level as well as 
some of its eventual metabolites. For this purpose, a high 
performance liquid chromatography (HPLC) system has 
been developed to separate all the compounds extracted 
by solid phase, prior to testing on one hand by ELISA and 
on the other hand in mixed lymphocyte reactions (MLR), 
to evaluate their eventual cross-reactivity with the mono- 
clonal antibody (MAb) used in the ELISA and or their 
eventual immunosuppressive properties. 

MATERIALS AND METHODS 
HPLC 

The HPLC isocratic system consisted of a ternary pump (Varian 
Model 9010), a variable wavelength ultraviolet (UV) detector 
(Varian Model 9050) connected to an integrator (Varian Model 
4400). A column/valve mounting module was used fastened di- 
rectly to the side of the pump, with a Rheodyne valve and a 20- /uL 
injection loop. The analytical column consisted of a reverse phase 
Micro-Pak MCH-5 15 cm column heated at 72°C. The mobile 
phase consisted of a mixture of acetonitrile/water (71/29). and the 
flow rate was adjusted to 1 mL/min. FK 506 was detected at 212 
nm (UV detector sensitivity range set at 0.005 absorbance unit at 
full scale), with a sensitivity limit evaluated at 25 ng injected. 

FK 506 tautomers elute at 4.6 and 5.2 minutes, with a propor- 
tion of peak areas of 1:9 (Fig 1). The dry residues obtained after 
solid phase extraction of 200 tiL of serum were reconstituted with 
30 yuL of methanol, before being injected in the HPLC system. 
Thirty-second or 1 -minute fractions were collected at the outlet of 
the HPLC during a 20-minute chromatographic run for further 
ELISA or MLR evaluations, respectively. 



ELISA 

The ELISA reagents (pure FK 506, MAb anti-FK 506, polyclonal 
antibody, and FK 506- peroxidase) were kindly provided by Fuji- 
sawa. The assay was performed according to the method de- 
scribed elsewhere. 1 C18 solid phase Bond-Elut columns (Analyt- 
ichem International) were used to extract FK 506 from serum. All 
measurements were performed in duplicate. The sensitivity limit 
reaches concentrations as low as 0.1 ng/mL. Within-run and 



between-run coefficients of variation have been evaluated in the 
ranges of 9% to 12% and 23% to 29%, respectively. 

MLR 

The dry residues obtained from the 1 -minute collected fractions 
were first resuspended in 20 /aL ethanol 75%, then diluted in the 
enriched RPMI. Mononuclear cells were isolated from human 
peripheral blood by density gradient centrifugation on Fjcoll- 
Hypaque medium (d = 1.077). After washing, the cells were 
suspended in the enriched RPMI medium at a concentration of 10 6 
cells/mL. Incubation of IG 5 ceils ( 100 i*L) in microplates at 37°C in 
a 5% C02 humidified atmosphere, with 100 /iL of the reconsti- 
tuted HPLC fractions, was started after addition of 100 /iL of 10 5 
nonirradiated allogeneic cells. Each test was performed in tripli- 
cate and compared with a normal response to the stimulation. 
After 5 days incubation, 10 /llL of a diluted 1:2 3 H-thymidine 
solution was added. The incorporation was determined by liquid 
scintillation counting after an additional 24 hours incubation. 

Serum Specimen 

A population of 13 pediatric liver transplant recipients was treated 
with FK 506 on a, compassionate basis. 2 Their serum levels were 
followed regularly by ELISA, and were evaluated, at least once, 
by the combined procedure HPLC-ELISA. As controls, blank 
serum and serum spiked with a known amount of FK 506 were 
used. 

RESULTS AND DISCUSSION 

All extracted and injected serum specimens were sepa- 
rated in 40 fractions, analyzed subsequently by ELISA, 
resulting in a profile similar to a chromatogram (Fig 1). The 
presence of both FK 506 tautomers detected in the UV 
was confirmed by ELISA at the same times (4.6 and 5.2 
minutes) and the same proportion (1:9). However, the 
injection of some patient's serum displayed, besides the 
FK 506, the presence of a characteristic peak eluted 
around 2 minutes in HPLC and cross-reacting significantly 
with the MAb used in the ELISA (Fig 1). This cross- 
reacting compound (X) has never been observed in either 
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Fig 1 . (a) HPLC chromatogram obtained after injection of 250 ng 
of FK 506 FK 506 elutes as two tautomers labeled a and b, 
detected at 212 nm. (b) ELISA profile obtained after HPLC 
separation of an extracted serum specimen spiked with FK 506 (1 
ng/mL). Both tautomers labeled a and b appear at the same 
retention times than in UV. (c) ELISA profile obtained after HPLC 
separation of an extracted patient's serum. Besides the two 
tautomers, compound X eluting around 2 minutes cross-reacts 
significantly with the antibody used in the ELISA. 

blank serum or in serum spiked with FK 506, and was 
present in several patients at different levels (ratio FK 
506:X ranging from 1 :0 to 1 : 10.!). 

The in vitro study (MLR) of the immunosuppressive 
activity found in each of the 1 -minute collected fractions is 
illustrated in Fig 2. These data were obtained from a 
patient serum presenting a ratio FK 506:X of 1:10. Once 
again the presence of both FK 506 tautomers is confirmed 
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Fig 2 In vitro immunosuppressive profile (MLR) observed after 
HPLC separation of an extracted patient's serum. A significant 
immunosuppression is found in the fraction corresponding to the 
compound X. 

by the immunosuppressive activity found in the corre- 
sponding fractions. But, moreover, the compound X 
clearly displays a significant immunosuppression. 

In an attempt to identify the cross-reacting compound 
X several concomitant immunosuppressants have been 
tested in ELISA without presenting any significant inter- 
ference (cyclosporine in the range 200-400 ng/mL, methyl- 
prednisolone. OKT3, azathioprine. ant.-T-lymphocyte 
globulin). It would thus seem likely that the immunosup- 
pressive compound X might be related to FK 506, being a 
more polar active metabolite (oxidized or conjugate deriv- 
ative or another tautomeric form of the drug appearing 
under certain circumstances). A FAB mass spectrum 
(Kratos MS80RFA mass spectrometer) of the correspond- 
ing eluted fraction has been tentatively studied. Its inter- 
pretation remains uncertain due to the very small amount 
available. However, among others, a peak of 836 mass 
units (m.u.) is observed and could correspond to a dihy- 
droxylated derivative corroborating the hypothesis of a 
metabolite. Further studies are currently being undertaken 
to elucidate this structure. 

CONCLUSIONS 

The specificity of the ELISA has been studied by combin- 
ing it with an HPLC system, resulting in a cross-reactivity 
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profile. Besides, FK 506, a compound coextracted on solid 
phase, displayed a significant cross-reactivity with the 
antibody, and an immunosuppressive property. This com- 
pound appearing in several patient's serum is thought to be 
a FK 506 metabolite. The exact role played by this 
compound X in the immunosuppression or the toxicity of 
the treatment should obviously be defined in order to 
understand its involvement in the clinical success of FK 
506. 
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Pharmacokinetics of tacrolimus in liver 
transplant patients 

Objective: To characterize the pharmacokinetics of the immunosuppressive agent tacrolimus (FK 506) in 
liver transplant patients. 

Methods: Patients (n = 16) were assessed during and after 1- to 3-day intravenous infusions followed by 
a 2-week course of oral dose therapy. Plasma and whole blood data were fitted simultaneously with 
equations accounting for nonlinear drug binding by red blood cells to generate clearance (CL) and vol- 
ume of distribution (V). , 
Results: The maximum blood/plasma ratio of tacrolimus was 55.5 ± 26.8 (SD) and half-life averaged 
12 1 ± 4 7 hours. The CL and V were relatively high based on plasma concentrations (CL, 1.7 L/hr/kg; 
V, 30 L/kg) and low based on whole blood (CL, 54 ml/hr/kg; V, 0.9 IVkg), with moderate variability 
(coefficient of variation, 34% to 49%) among the patients. Correlations of plasma CL and V with max- 
imum blood/plasma ratios (ranging from 13 to 114) were strong (r = 0.65 and r = 0.73). Blood bind- 
ing affects the disposition of tacrolimus, and plasma concentrations are indirectly and inversely related to 
red cell binding. The oral dose data for tacrolimus yielded a brief absorption lag time (t lag , 0.39 hour), a 
variable first-order absorption rate constant (k,, 4.5 ± 3.0 hr" *), and consistent bioavailability (F, 25% 
± 10%). The area under the concentration- time curve versus 12-hour niinimum concentration rela- 
tionships for both whole blood and plasma were nearly linear, confirming the utility of trough values for 
monitoring drug exposure. -a 
Conclusion: This study provides pharmacokinetic guidelines for the use of tacrolimus in patients under- 
going hepatic transplantation. Nonlinear blood binding is a major source of interpatient variation in the 
disposition of tacrolimus. (Clin Pharmacol Ther 1995;57:281-90.) 
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Tacrolimus (FK 506) is an immunosuppressive 
agent that is being evaluated for hepatic; renal, and 
various other types of organ transplantation. 1 * The 
compound is more potent than cyclosporine but acts in 
a similar way by inhibiting signal transduction path- 
ways that lead to T-lymphocyte activation. 4 

The disposition of tacrolimus has been partly as- 
sessed in liver transplant patients. 5 ' 6 Venkataraman et 
al. 5 found, on the basis of drug concentrations in 
plasma, that tacrolimus has a moderate half-life (V 2 ) 
of about 9 hours and appears to have a large volume 
of distribution, high clearance, and low systemic 
availability. However, tacrolimus exhibits extensive 
distribution into red blood cells, and the whole blood 
to plasma ratio ranges are greater than 30 to 10 over 
low to high plasma concentrations. 7 ' 8 Current clinical 
protocols call for monitoring both whole blood and 
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Table I. Summary of patient characteristics and 
dosages for tacrolimus studies 



Characteristic 



Range 



No. of patients 


16 


Gender 




Men 


9 


Women 


7 


Age (yr) 


33-35 


Body weight (kg) 


53-107 


Total infusion dose (mg) 


2.7-21.6 


Duration of infusion (hr) 


18.6-96.1 


Oral doses (mg/12 hr) 


4-12 



plasma concentrations, and uncertainty exists regard- 
ing which medium best serves for therapeutic monitor- 
ing and pharmacokinetic purposes. 3,8 

This study was carried out as an extension of a ran- 
domized trial of tacrolimus versus cyclosporine as pri- 
mary immunosuppressive treatment in liver transplan- 
tation. 3 The purpose was to assess the clinical 
pharmacokinetics of tacrolimus during infusion ther- 
apy over the first 96 hours after transplantation, fol- 
lowed by oral dose therapy for up to 14 days. Exami- 
nation of disposition of the drug as related to whole 
blood versus plasma concentrations and characteriza- 
tion of the absorption kinetics of tacrolimus were the 
aims of this study. 

EXPERIMENTAL METHODS 

Patients and posology. The study population con- 
sisted of 16 adult patients who were undergoing he- 
patic transplantation at three clinical centers. The gen- 
eral characteristics of the group are provided in Table 
I. Each patient received an initial infusion of 0.1667 
to 0.3077 mg/hr tacrolimus for a period of 31 to 84 
hours. Several patients who had been given the higher 
doses had the infusion rate decreased after 26 to 48 
hours. There was usually a 12-hour partial washout 
phase before the oral dose regimen began at 48 to 230 
hours. The oral doses were usually 4 to 12 mg every 
12 hours, with later adjustments. Oral dosing was 
continued so that the last study dose was given at 
176.5 to 408 hours after surgery. 

Blood samples were collected at designated 1- to 
4-hour intervals during and after the infusion of ta- 
crolimus, yielding 7 to 24 pairs of samples. During 
oral dosing, 10 blood samples were collected at 1- to 
2-hour intervals during one to three individual 12-hour 
oral dosing phases. Samples were also collected at 12- 
hour times (trough, C min ) before each oral dose. These 



blood samples were maintained at 37° C for 30 min- 
utes before centrifugation at 37° C. Aliquots of whole 
blood and plasma were then maintained at -20° C be- 
fore analysis. 

Analytic methods. Tacrolimus in plasma and whole 
blood was measured by use of the enzyme immuno- 
assay of Tamura et al. 9 as adapted by Jusko and 
D'Ambrosio. 7 The sensitivity and variability of the 
method have been described previously. 7 Samples 
from each patient were analyzed on a batch basis. 

Whole blood/plasma ratio. The blood/plasma ratio 
(BPR) of tacrolimus concentrations for each individual 
patient were fitted by nonlinear least-squares regres- 
sion (PCNONLIN, SCI Software Inc., Lexington, 
Ky.) with a previously described equation 10 to obtain 
the binding capacity (B max ) and affinity constant (K D ): 



BPR = 1 + Hct 



K n + C P 



(1) 



in which Hct is hematocrit and C p is plasma concen- 
tration. 

Pharmacokinetics: infusion phase. The first phase 
of the data analysis involved characterization of the 
rise and fall of plasma (C p ) and whole blood (C B ) con- 
centrations of tacrolimus during the infusions of the 
drug over the first 1 to 4 days of therapy. Equations 
for a one-compartment model with, volumes (related to 
plasma or whole blood), V p or V B , and nonlinear 
binding with red blood cells were adequate to describe 
the time-pattern of tacrolimus. The following differen- 
tial equations were used simultaneously: 



dC, 
dt 



kci ' C p 



and 



dC a k ft 
^BPR-^-I^C 



(2) 



(3) 



in which k G is the infusion rate, ke, is the elimination 
constant (= CLp/V p or CL B /V B ), and CL p and CL B 
are plasma and blood clearance. Weighting of the data 
was done using the reciprocal of C p or C B . Differen- 
tial, rather than integrated, equations were used be- 
cause of the nonlinear blood/plasma ratio function 
(equation 1) and because the adjustments or cessation 
of infusion rates made during the course of therapy 
were most easily handled as a direct change in ko at 
the appropriate times. 

Least-squares values of CL p and V p were obtained 
by use of the PCNONLIN regression program. From 
these fitted parameters the k^ value and the following 
additional parameters were generated: 
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Disposition half-life: \ Vl = 0.693/k* (4) 

Clearance (whole blood): CL B = Dose/AUC B (5) 

Volume of distribution (whole blood): V B = CL B /k eI (6) 

The clearances and volumes were normalized for total 
body weight of each patient. 

Oral dose phase. The plasma and whole blood con- 
centrations of tacrolimus were fitted to the following 
equation: 

+ k » • P ' F (e - k - - e^ 1 •■•) (7) 



C = C° 



V(k el - U 



in which C represents either the plasma (C p ) or whole 
blood (C„) concentration of tacrolimus, C° is the ob- 
served initial concentration at the start of the dosing 
interval, t is the time elapsed since C°, t s is t minus 
t where the latter is a lag-time before absorption 
starts k el is the elimination constant of the drug 
(CL/Vp or CL B /V B ), k a is the first-order absorption 
rate constant, D is the oral dose, F is the bioavailabil- 
ity and V is either plasma volume (V p ) or whole 
blood volume of distribution (V B ). Because the dosing 
interval is 12 hours for a drug with a t Vl averaging 12 
hours, it was necessary to use the k el value obtained 
from the intravenous infusion phase. Also, the nonlin- 
ear function (equation 1) for red blood cell binding of 
tacrolimus was applied. This left k a , t lag , and F as pa- 
rameters to be generated by least-squares regression. 
Equation 7 was used with the appropriate C p or L B 
initial value to simultaneously fitted the plasma and 
whole blood concentrations. These equations do not 
require steady-state conditions and characterize the ki- 
netics of the current dose of drug with the second term 
while .accounting for residual drug with the first term. 
The value of k a was given an upper limit of 8 hr . 
The PCNONLIN program was- used for fitting the 

data. , . . 

The calculated value of F based on plasma (F p ) and 
whole blood (F B ) concentrations was also obtained by 
determination of the area under the curve over 0 to 12 
hours (AUC) by trapezoidal integration. Bioavailabil- 
ity values were obtained from the following: 

(8) 



Fp = AUC p • CLp/D 
F B = AUC B • CL B /D • BPR 



(9) 



in which the CL value is that from the infusion phase. 
The calculated F was then obtained as the average of 

Fp Bo?hmethods of obtaining F (fitted and calculated) 
require the assumption that the disposition kinetics of 
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Fig. 1. Relationship between whole blood/plasma ratio and 
plasma concentration in two patients. Circles are experimen- 
tal data, and lines show least-squares fitting of data to equa- 
tion I. 

tacrolimus are stationary, allowing use of the CL or 
k el values from the infusion phase to apply to the oral 
dose phase. Also, the use of equations 8 and 9 as- 
sumes steady-state conditions during oral dosing. 

Statistics. Regression analyses for which pharma- 
cokinetic parameters were interrelated involved use of 
the perpendicular least-squares method of Riggs et 

al" 

The relationship between AUC and C min was tested 
for nonlinearity with PCNONLIN by fitting the rela- 
tionship: 

AUC = a • C^„ (10) 
Values of b different from 1.0 indicated a curvilinear 
function. 

RESULTS 

Whole blood/plasma ratio. Relationships between 
whole blood/plasma ratios and plasma concentrations 
over the course of infusion and oral dose treatment or 
two patients are shown in Fig. 1. The maximum ratio 
when plasma concentrations approach zero show high 
variability between patients, with values ranging from 
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Fig. 2. Time pattern of tacrolimus concentrations in whole 
blood (solid circles) and plasma (open circles) during and 
after the initial courses of drug infusion in two typical pa- 
tients. Circles are experimental data, and lines show least- 
squares fitting of the data to equations 2 and 3. 



13 to 114. The calculation of binding parameters B max 
(418 ± 258 ng/ml erythrocytes) and K D (3.8 ± 4.7 
ng/ml) was complicated by the narrow range of 
plasma concentrations of tacrolimus. However, good 
correlation between observed values and those fitted 
by the model (equation 1) was observed for most pa- 
tients. 

Infusion phase. The time pattern of tacrolimus con- 
centrations in plasma and whole blood over the course 
of the initial infusions and washout are shown for two 
of the 16 patients in Fig. 2. The rise of tacrolimus 
concentrations to steady-state and the subsequent 
washout phase were generally well characterized by 
the model equations. The profiles were typically paral- 
lel and the whole blood data tended to be less erratic 
than the plasma concentrations. The computer pro- 
gram worked well in tracking any changes in infusion 
rate or the cessation of tacrolimus infusion before oral 
dosing with the drug. The intensity of sample collec- 
tion and the joint plasma and blood fitting process al- 
lowed generation of reasonable pharmacokinetic pa- 
rameters in spite of occasional deviations in the data. 

The average and range of the generated pharmaco- 
kinetic parameters are listed for the group of patients in 
Table II. Fig. 3 shows the array of parameters related to 
whole blood and plasma tacrolimus concentrations; the 



i Vl and the maximum whole blood/plasma ratio are pa- 
rameters common to both plasma and whole blood. 
The overall variability in the disposition of tacrolimus 
among the group of 16 liver transplant patients was 
moderate, with coefficients of variation of 32% to 
49% for the various pharmacokinetic parameters. The 
mean plasma clearance was 124 ± 47 (SD) L/hr or 
1.68 ± 0.57 L/hr/kg. The volume of distribution aver- 
aged 2223 ± 1 1 19 L or 30.1 ± 14.7 L/kg. This indi- 
cates that tacrolimus distributes extensively outside of 
plasma. The t V2 of the drug averaged 12.1 ± 4.7 
hours, with one patient exhibiting an exaggerated 
value of 22.6 hours. These numerical values are rea- 
sonable in view of the fact that tacrolimus nears 
steady-state concentrations in about 36 hours (Fig. 2). 
The distribution of tacrolimus into red blood cells is 
both extensive and variable, producing smaller values 
of CL B and V B than parameters based on plasma con- 
centrations. 

It is of interest to observe (Fig. 4) that CL p shows a 
strong linear relationship (CL p = 0.553 + 0.022 
blood/plasma ratio; r = 0.65, t = 3.17) with the max- 
imum blood/plasma ratio, whereas CL B seems to be 
independent (r = -0.30, / = 2.10). Similar findings 
occur with V p (V p = -0.165 + 0.547 blood/plasma 
ratio; r = 0.73, t = 4.04) and V B (r = 0.30, t = 
1.18) and maximum blood/plasma ratio as also 
shown. Thus the blood binding of tacrolimus appears 
to be a major factor in accounting for interpatient dif- 
ferences in pharmacokinetics. 

Oral dose kinetics. Fig. 5 shows the individual 
whole blood and plasma concentration versus time 
profiles for three 12-hour oral dose studies for one pa- 
tient. The experimental data and fitted curves are usu- 
ally somewhat flat. The one-compartment model with 
a time lag, first-order absorption, and nonlinear bind- 
ing with erythrocytes characterized the patient data 
well. 

A summary of the fitted absorption parameters for 
each patient and study phase is provided in Fig. 6 and 
Table II. There was good agreement (r 2 = 0.71) be- 
tween the two methods of generating F (equation 7 
versus equations 8 and 9). Overall, the bioavailability 
of tacrolimus averages 25% ± 10% by fitting. One 
patient had a high F value of 80% and one had a low 
value of 4%; all others ranged between 12% and 54%. 
The time lag was brief, with a mean of 0.39 hour and 
a range from 0 to 2.0 hours. The value of k a was vari- 
able, with a mean of about 4.0 hr" 1 ; however, the pa- 
tient data tended to cluster with very high (6 to 8 
hr" 1 ) or very low (0 to 2 hr" 1 ) k a values. 

There appeared to be as much interpatient variabil- 
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Fig. 3. Range of pharmacokinetic parameters of tacrolimus 
in 16 liver transplant patients as related to whole blood and 
plasma drug concentrations. 
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Table II. Pharmacokinetic par ameters for tacrolimus in liver transplant patients 

Symbol Mean SD 



Parameter 



Range 



Plasma 

Clearance (L/hr/kg) 
, Volume (L/kg) 
Whole blood 

Clearance (ml/hr/kg) 

Volume (L/kg) 
Common 

Half-life (hr) 

Maximum blood/plasma ratio 
Bioavailability 
Lag time (hr) 

Absorption rate constant (hr *) 
Fraction absorbed 



CL P 

v P 


1.69 
30.1 


0.57 
14.7 


0.61-2.81 
8.2-59.0 


CL B 
V B 


54.1 
0.906 


17.3 
0.290 


33.4-84.0 
0.535-1.430 


Wi 
BPR 


12.1 
55.5 


4.7 
26.8 • 


6.3-25.3 
13.4-114 


K 

F 


0.39 
4.48 
0.25 


0.39 
2.99 
0.10 


0.0-2.0 
0.14-8.0 
0.04-0.89 



ity in F as there was within patients. Fig. 7 was con- 
structed to determine whether there was any relation- 
ship of F with the time elapsed since initiation of 
therapy. The graph indicates a tendency for more vari- 
able F values at the time of the first study, but the 
general consistency of bioavailability with time is evi- 
dent. 



DISCUSSION 

Infusion phase. The disposition kinetics of tacroli- 
mus are reasonably consistent among this group of 
liver transplant patients considering that the data were 
obtained immediately after the transplant procedure 
when the patients were in acute recovery and that the 
drug is essentially completely metabolized by the liver 
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Fig. 5. Time pattern of tacrolimus concentrations in whole blood (solid circles) and plasma (open 
circles) after oral doses of drug in one patient at various times following hepatic transplantation. 
Circles are experimental data, and lines show least-squares fitting of the data to equation 7. 



as we and others 5 have found practically no drug in 
urine. Also of concern are the variability in the en- 
zyme immunoassay procedure 7 and the partial inclu- 
sion of immunoreactive metabolites in the assay. 12 
The large number of samples collected offsets occa- 
sional errant data. 

Venkataraman et al. 5 report pharmacokinetic pa- 
rameters for tacrolimus in patients that are similar to 
present values. Because of the large apparent plasma 
clearance, they classified tacrolimus as a "high clear- 
ance" drug: Indeed our CL p of 1.68 L/hr/kg exceeds 
the normal hepatic plasma flow of about 0.7 L/hr/kg. 
However, the distribution of tacrolimus into red blood 
cells complicates this issue because the blood clear- 
ance of 0.0541 L/hr/kg or 54.1 ml/hr/kg is less than 
the normal hepatic blood flow of about 1200 rnl/hr/kg. 
Some drug diffuses out of red cells during passage 
through the liver, thus offering a "true" hepatic clear- 
ance that falls between the CL B and CL p values. 10 

In view of the above dilemma, it is noteworthy that 
patients with the highest blood/plasma ratio have high- 
est CL p and V p values and, conversely, lowest CL B 



and V B parameters (Fig. 4). The clearance data appear 
to be most readily explained by the possibility that the 
drug is poorly extracted from whole blood; thus pa- 
tients who exhibit the strongest red cell binding have 
the lowest CL B . This is the traditional pharmacoki- 
netic thinking with regard to the role of plasma protein 
binding in hepatic extraction of low clearance drugs 
from plasma. In turn, the plasma clearance values cor- 
relating to the blood/plasma ratio would be incidental 
to the occurrence of blood binding, which simply 
shifts drug out of plasma into red cells. After hepatic 
extraction of tacrolimus, the circulating drug would 
reequilibrate between red cells and plasma and hepatic 
venous blood would mix with blood in the vena cava, 
producing the present ratios that are found in periph- 
eral blood. As assessed by ultracentrifugation, tacroli- 
mus binding in plasma is weak, averaging 72% ± 4% 
in transplant patients, and is thus not an important fac- 
tor. 13 Perfused organ studies using the rabbit, which 
has blood binding of tacrolimus similar to humans, 
verify that red cell binding restricts the apparent clear- 
ance of the drug. 10 
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The findings and explanation provided above lend 
insight into our previous observation of a nonlinear re- 
lationship between the blood/plasma ratio and steady- 
state trough concentrations of tacrolimus in liver trans- 
plant patients. 7 . 

The relationship of volumes of distribution to the 



blood/plasma ratio of tacrolimus are similar (Fig. 4) to 
the clearance data. The greater blood cell binding 
leaves less drug in plasma, producing a larger volume 

relative to plasma. 

Absorption of tacrolimus. The bioavailability of 
tacrolimus was reasonably consistent among the pa- 
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Cmin, ng/ml 

Fig. 8. Relationship between AUC and 12-hour C min values of tacrolimus in whole blood (solid 
circles) and plasma (open circles) for each oral dose study phase in all liver transplant patients. 
AUC, Area under the concentration -time curve; C min , minimum concentration. 



tients, doses, and times (Fig. 7), with a mean F of 
25% ± 10%. The time patterns were somewhat vari- 
able, with patient profiles ranging from flatness to 
abrupt rises (Fig. 5). This was reflected in the diver- 
sity of k a values (Fig. 6). Nevertheless, a consistent 
amount of the drug was eventually absorbed, as indi- 
cated by the F values. Because tacrolimus is actually a 
low clearance drug with CL B best reflecting its elimi- 
nation, the low F values represent the incompleteness 
of tacrolimus absorption rather than first-pass loss of 
the compound. This interpretation is supported by di- 
rect studies of the gastrointestinal absorption of ta- 
crolimus in rats (Kobayashi M, personal communica- 
tion, November 1992) and rabbits. 10 



Trough concentrations. Patient therapy with ta- 
crolimus is accompanied by monitoring trough or 12- 
hour c min concentrations in plasma and whole blood 
to seek relationships with efficacy and toxicity. 2 ' 3,8 A 
common assumption in therapeutic drug monitoring 
is that the will be a reasonable index of over- 
all patient exposure to the drug. Both the plasma and 
whole blood AUC values are directly proportional to 
the respective C min concentrations (Fig. 8). There is 
less variability in the relationship based on whole 
blood values, but a slight curvilinear pattern suggests 
that high concentrations may exaggerate the 
relative exposure of patients to tacrolimus. The values 
(and 95% confidence limits) of the b coefficients in 
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equation 10 were 0.94 (0.77% to 1.11%) for plasma 
and 0.69 (0.60% to 0.78%) for whole blood, indi- 
cating a meaningful deviation from linearity for only 
the latter relationship. The fitted values of a were 
?0.8 for plasma and 48.7 for whole blood. Without 
ihe highest two data points, which appear to deviate 
from the data pattern, the relationship between AUC 
and C^n for whole blood appears to be linear (r - 
0.889). 

The good relationship between AUC and C min val- 
ues may be of clinical advantage in therapeutic moni- 
toring. For cyclosporine, AUC ^values may afford 
tighter control of patient therapy. 14 

Clinical relevance. Hepatic transplant patients ex- 
hibit nonlinear (Fig. 1) and variable (Fig. 3) blood/ 
plasma ratios of tacrolimus, which accounts for much 
of the variation in clearance and volume (Fig. 4). The 
extensive uptake of tacrolimus by red cells appears to 
be caused by a tacrolimus binding protein with prop- 
erties similar to a specific protein found in lympho- 
cytes and in various tissues. 15 Although blood binding 
is an important controlling factor for the pharmacoki- 
netics of tacrolimus, it is premature to presume that 
either plasma or whole blood will be preferable for 
therapeutic monitoring. For cyclosporine, concentra- 
tions in either biological fluid can serve as useful in- 
dexes for maintaining allograft function and prevent- 
ing adverse reactions, 16 but whole blood provides 
better discrimination and offers conveniences in sam- 
ple handling. 17 Tacrolimus dosages for patients were 
originally devised on the basis of the generation of 
plasma concentrations that were similar to in vitro 
concentrations that inhibited lymphocyte function, 
and free drug is usually that which equilibrates with 
receptor sites. One clinical study argues for plasma 
monitoring of tacrolimus, with an apparent therapeutic 
range from 0.4 to 1.2 ng/ml. 8 Ongoing clinical studies 
that monitor efficacy and toxicity may resolve the is- 
sue of the relative merits of plasma versus blood mon- 
itoring. 

This study shows several features of tacrolimus that 
rationalizes present dosing regimens. The choice of an 
infusion is justified on the basis of the rapid attain- 
ment of consistent and therapeutic plasma and blood 
concentrations, which are readily maintained over the 
first 3 days of therapy. The moderate t 1/2 of about 12 
hours confirms the utility of a twice-daily oral dosing 
regimen which, in turn, produces only modest fluctu- 
ations in C max and C min concentrations (Fig. 5) The 
Cni,, values are proportional to AUC, which is of ben- 
efiTfor therapeutic monitoring. The present dosing 
regimens produce blood and plasma concentrations of 



tacrolimus that provide a reasonable starting point in 
patient therapy. 

Analytic and computational assistance were provided by 
Ms. Robin D'Ambrosio, Ms. Suzette Mis, and Ms. Nancy 
Pyszczynski. 
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Summary: We determined the trough blood and plasma concentrations of tac- 
rolimus from the day of transplantation through 30 days posttransplantation in 
four liver and four kidney transplant patients by three different methods. The 
first method involved a solid phase extraction of the blood or plasma using 
Sep-Pak columns (SPs) followed by quantitation of tacrolimus using an en- 
zyme-linked immunosorbent assay (ELISA); the second method involved a 
liquid-liquid extraction using methylene chloride (MC) followed by quantita- 
tion of tacrolimus using the ELISA, and the third method involved a high* 
performance liquid chromatography (HPLC) fractionation of the extract ob- 
tained from the solid-phase extraction and quantitation of tacrolimus in the 
fractions by ELISA, The trough plasma tacrolimus concentrations ranged from 
0-1 to 5.2 ng/ml. While the trough plasma concentrations of tacrolimus were 
similar and independent of the method of analysis in kidney transplant patients 
and in liver transplant patients with normal biochemical profile, in patients 
with liver dysfunction, tacrolimus plasma concentrations were higher when 
measured by SP-ELISA and MC-ELISA methods as compared to the HPLC 
ELISA method. In plasma samples obtained from liver transplant patients with 
liver dysftmction, the presence of some metabolites that cross-reacted with the 
antibody used in the ELISA could be documented in the HPLC fraction cor- 
responding to the metabolites. This indicates that while tacrolimus metabolites 
that cross-react significantly with the antibody used in the ELISA do not 
accumulate in kidney transplant patients, they can appear in the plasma of 
patients with liver dysfunction, The trough blood tacrolimus concentrations in 
patients were significantly higher than the corresponding plasma concentra- 
tions and ranged from 1.4 to 107 ng/ml. The trough blood tacrolimus concen- 
trations were similar and independent of the method of analysis in kidney and 
liver transplant patients, suggesting unchanged tacrolimus to be the major 
component in the blood. The HPLC fractions corresponding to the metabolites 
of tacrolimus did not contain any components that cross-reacted with the an- 
tibody used. This study documents that the methods used in this study for the 
analysis of blood concentrations of tacrolimus appear to be specific for the 
parent tacrolimus and can be used in future pharmacokinetic and clinical stud- 
ies, Key Worda: Analysis— Immunosuppression— Tacrolimus— Therapeutic 
monitoring. 
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blood or plasma concentration measurement of im- 
munosuppressive drugs in organ transplant patients 
will also help in assuring compliance with the drug 
treatment protocol. Tacrolimus, a recently ap- 
proved immunosuppressive drug, is effective in pre- 
venting graft rejection in patients after liver, kid- 
ney, and heart transplantation (1). Large interindi- 
vidual variability in the pharmacokinetics (2) and 
the nephrotoxicity of tacrolimus (3) necessitates 
routine monitoring of this agent in transplant pa- 
tients. Tacrolimus has been measured in plasma by 
an enzyme-linked immunosorbent assay (ELISA) 
that was originally developed by Tamura et al. (4), 
or by a modification of this ELISA (5-8), or by 
high-pressure liquid chromatography (HPLQ- 
ELISA (9,10), or by HPLC after derivatizing with 
danzyl hydrazine (II), or by a bioassay (12). Blood 
concentration of tacrolimus has been measured by 
ELISA (6,7,8,13), by a microparticle enzyme im- 
munoassay developed by Abbott Laboratories (14- 
16), by a radioreceptor assay (17), or by HPLC- 
mass spectrometry (18,19). 

Recently, we compared the plasma tacrolimus 
concentrations in kidney and liver transplant pa- 
tients as measured by ELISA after a solid-phase 
extraction or a liquid-liquid extraction using meth- 
ylene chloride or after a solid-phase extraction and 
HPLC fractionation to separate unchanged tacroli- 
mus from metabolites that might be coextracted 
(10). We observed significant differences in the 
plasma concentration of tacrolimus between the dif- 
ferent methods used only in samples obtained from 
patients with impaired liver function as determined 
by elevated bilirubin concentrations. This study 
was designed to extend our observations to whole 
blood tacrolimus concentration measurements in 
liver and kidney transplant patients during the im- 
mediate postoperative period. 

MATERIALS AND METHODS 
Materials 

Tacrolimus pure drug, the monoclonal antibody 
for tacrolimus, and tacrolimus peroxidase enzyme 
conjugate were supplied by Fitfisawa Pharmaceuti- 
cals, Osaka, Japan. Anti-mouse IgG was purchased 
from Atlantic Antibodies (Stillwater, MN, U.S.A.), 
Sep-Pak columns (SPs) (C-18) were obtained from 
Waters (Milford, MA, U.S.A.), O-Phenylenedi- 
amine was purchased from Sigma (St. Louis, MO, 
U.S.A.). Methylene chloride and methanol were 



purchased from Fisher Scientific (Pittsburgh, PA, 
U.S.A.). The HPLC column used, a u-Bondapak 
C-18 column that is 15 cm long with an internal 
diameter of 3.9 mm was maintained at 60°C and the 
column eluents were monitored at 214 nM. Using a 
mobile phase of 80% methanol and 20% water (acid- 
ified to pH 6 with HC1) at a flow rate of 1.5 ml/min, 
the retention time of tacrolimus was 4.8 min. 

Methods 

Clinical Protocol 

Patients received i.v, tacrolimus (0.1 mg/kg/day) 
as a continuous i.v. infusion during the immediate 
postoperative period and for up to 3-7 days after 
surgery. Oral therapy was initiated as soon as the 
patients were able to tolerate oral intake. Tacroli- 
mus (0.1-0.24 mg/kg/day) was administered orally 
twice daily. Multiple serial blood samples were col- 
lected in heparinized tubes prior to the morning 
dose of tacrolimus from four liver and four kidney 
transplant patients from day 1 after surgery until 
approximately 30 days posttransplantation. 

Analysis 

Aliquots of the whole blood samples were sepa- 
rated and maintained at 4°C until analysis. The rest 
of the blood samples were incubated at 37°C for 45 
min and centrifuged at 37°C for 10 min and the 
plasma obtained was analyzed on the same day or 
frozen at -20°C until analysis. The calibration 
curve for whole blood consisted of blank blood 
samples spiked with tacrolimus concentrations of 0, 
0,8, 4, 8, 16, 40, and 64 ng/ml. Blood and plasma 
samples were extracted by the solid-phase extrac- 
tion method, or by the liquid-liquid extraction 
method using methylene chloride, as described pre- 
viously (10), except for the use of 1.0 N of HC1 to 
assure complete lysis of whole blood samples prior 
to extraction, Additional samples were also ex- 
tracted by the solid-phase extraction method and 
subjected to HPLC separation (as described in ref- 
erence 10), and the fractions corresponding to the 
intact tacrolimus (fraction 2, 3.6-6 min) and tacroli- 
mus-related materials (fraction 1, 0-3.6 min) were 
separately collected and evaporated to dryness un- 
der nitrogen. All the extracts were analyzed by 
ELISA, with overnight incubation. 

A minimum of nine blood and plasma samples 
was analyzed from each of the patients observed. 
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Biochemical parameters indicative of the kidney 
function (serum creatinine level) and liver function 
(bilirubin and aspartate and alanine aminotrans- 
ferase levels) were also measured in these patients 
over the entire study period. 

RESULTS 

The biochemical profiles of the patients observed 
are listed in Table 1. While all but one kidney trans- 
plant patient had normal liver function test results, 
not all the liver transplant patients had normal kid- 
ney function throughout the entire course of study. 
The interday coefficients of variation of the three 
methods used varied from 4.2 to 19.7% (Table 2) # 
and were similar between the three methods used. 

Figures 1 and 2 illustrate tacrolimus blood con- 
centrations as measured by the three methods in 
liver and kidney transplant patients, respectively. 
In all the patients, the whole blood concentration of 
tacrolimus was very similar as measured by ELISA 
after the three different extraction/separation pro- 
cedures. The regression equations of the tacrolimus 
concentrations measured by HPLC-ELISA versus 
SP-ELISA or MC-ELISA in whole blood are listed 
in Table 3. There was a significant correlation 
(0.821-0.949) between the two variables evaluated, 
and the slope of the lines was near unity (0,92-1.1). 

Figures 3 and 4 illustrate the plasma concentra- 
tions of tacrolimus in liver and kidney transplant 
patients as measured by the three methods. Tacroli- 
mus plasma concentrations were similar as mea- 
sured by the three methods in the kidney transplant 
patients at all times. However* in the liver trans- 
plant patients, when the serum bilirubin concentra- 
tions were elevated, the tacrolimus concentrations 



TABLE 2. Between-run precision of different 
assay methods 



Whole blood Plasma 





Mean, 
ng/ml 


% CV 


No. 


Mean* 
ng/ml 


% CV 


No. 


Solid-phase 














extraction 














LC 


13.2 


18.2 


7 


0.7 


14.2 


18 


MedC 


23.4 


19.7 


7 


2.2 


13.6 


18 


HC 


36.3 


15.4 


7 


5.8 


12.0 


18 


Methylene 














chloride 














extraction 














LC 


11. 1 


5.4 


7 


0.6 


16.6 


8 


MedC 


18.5 


8.0 


7 


1.8 


11.1 


6 


HC 


30,6 


13.0 


7 


5.7 


15.7 


5 


HPLC 












LC 


15.5 


13.5 


3 


0.7 


14.3 


7 


MedC 


28,9 


4.2 


3 


2.3 


17,4 


7 


HC 


35.1 


5,4 


4 


5.6 


10.7 


7 



CV ( coefficient of variation; LC, low control; MedC, medium 
control; HC, high control; HPLC, high-performance liquid chro- 
matography. 



measured by SP-ELISA and MC-ELISA were 
higher than the values obtained by the HPLC* 
ELISA method. As the bilirubin concentrations re- 
covered toward normal values, the concentration of 
tacrolimus measured by all three methods was al- 
most identical. Correspondingly, Table 3 shows a 
slope of greater than unity (1.87 and 1.75, respec- 
tively) when plasma tacrolimus concentrations 
measured by SP-ELISA or MC-ELISA were com- 
pared with HPLC-ELISA measurements. 

Figure 5 illustrates the correlation between 
plasma concentrations and whole blood concentra- 
tions in liver and kidney transplant patients as mea- 
sured by all three methods. Blood and plasma con- 



TABLE 1. Biochemical profile in four live r and four kidney transplant patients 

AST, IU/L 





Creatinine, mg/dl 


Bilirubin, mg/dl 




Immediate 


3 wk 


Immediate 


3 wk 


Patients 


postoperative 


after 


postoperative 


after 


period 


transplant 


period 


transplant 


Kidney 










CK 


3.6 


1.7 


0.4 


0.3 


KW 


1.2 


1.2 


0.9 


0.7 


JG 


0.8 


2*9 


0.5 


0.8 


PC 


2.3 


2.2 


0.7 


0.6 


Liver 






RC 


4.1 


3.3 


8.0 


2.9 


OB 


2.7 


4.4 


8.5 


1.6 


IZ 


2.4 


1.4 


13.4 


14.3 


LT 


1.6 


1.3 


14.5 


26.3 



Immediate 
postoperative 
period 



46 

712 
46 
20 

101 

6.605 
1,247 
863 



3 wk 
after 
transplant 



20 
33 
18 
44 

90 
24 
91 
136 



ALT, IU/L 



Immediate 3 wk 
postoperative after 
period transplant 



38 
L476 
34 
27 

93 
996 
644 

725 



66 
89 
42 
140 

96 
31 
127 
495 



AST, aspartate aminotransferase; ALT, alanine aminotransferase. 
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FIG. 1. Whole-blood FK 506 concentrations as measured by Sep-Pak eiwyme-linked immunosorbent assay (ELISA) (triangles), meth- 
ylene chloride ELISA (black boxes), high-performance liquid chromatography ELISA (circles), and bilirubin (white boxes) in four liver 
transplant patients. 



centrations were poorly correlated (r <s 0.59) with 
each other. The overall slope of blood versus 
plasma concentrations (4.1) in liver transplant pa- 
tients was lower than the corresponding overall 
slope (1 1.7) in the kidney transplant patients (Table 
4). The slope of the line comparing the plasma 
HPLC-ELISA concentrations versus whole blood 
HPLC-ELIS A concentrations in liver transplant pa- 
tients was also lower than the corresponding slope 
in the kidney transplant patients. The tacrolimus 
equivalent in fraction 1 (corresponding to HPLC 
fraction collected from 0 to 3.6 min) was <0.8 ng/ml 
in all cases. 

DISCUSSION 

In this study we compared three methods of mea- 
suring tacrolimus concentrations in plasma and 
whole blood. The sensitivity and the interday vari- 
ations of the three methods were comparable and 
were acceptable for routine clinical use. 

Over the past few years we have been using the 
SP extraction procedure for measuring plasma con- 



centrations of tacrolimus in transplant patients. In a 
recent publication (10) we reported our observation 
of identical tacrolimus concentrations in plasma as 
measured by SP-ELISA, MC-ELISA, and HPLC- 
ELISA in kidney transplant patients and in liver 
transplant patients with biochemical profiles indic- 
ative of normal liver function. In patients with ab- 
normal liver function, as determined by serum bil- 
irubin concentrations >2 mg/dl, the SP-ELISA 
method tends to give higher estimates of tacrolimus 
concentration in comparison to the MC-ELISA 
method. However , both of these methods give val- 
ues that are higher [slope of SP-ELISA vs. HPLC- 
ELISA was 1.53 (n = 40), vs. slope of MC-ELISA 
vs. HPLC-ELISA, 1.13 (n = 40)] than the HPLC- 
ELISA method, which measures only the parent 
tacrolimus in plasma. This is believed to be the re- 
sult of coelution of some tacrolimus metabolites in 
the SP and MC extraction that cross-react with the 
antibody used in the ELISA procedure. When data 
from patients with a serum bilirubin concentration 
of <2 mg/dl were analyzed, the slope of the SP- 
ELISA versus HPLC-ELISA was 1.19 (n = 27), 
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F i 1G * ^SS?^^^. 3 ^ concentmiona aa measured by Sep-Pak ensymc-linked immunosorbent assay (ELISA) (triangles), meth- 
ylene chloride EUSA (black boxes), high-performance liquid chromatography ELISA (circles), and creatinine (white boxes) in four 
kidney transplant patients. 



and the slope of the MC-EUSA vs. HPLC-ELISA 
was 1.07 (n = 27). 

Our current observations of tacrolimus concen- 
trations in plasma obtained from liver and kidney 
transplant patients are in good agreement with the 



TABLE 3. Correlation analysis of different methods 
with reference to HPLC method 



Inter- 





Method 


Slope 


cept 


r 1 


No. 


Whole blood 












liver transplant 


MC ELISA 


1.0 


0.8 


0.90 


40 


kidney transplant 


SP ELISA 


0.9 


1.5 


0.85 


40 


MC ELISA 


1.1 


-1.8 


0.82 


38 




SP ELISA 


0.9 


3.7 


0.95 


45 


Plasma 








liver transplant 


MC ELISA 


1.8 


0.0 


0,85 


39 




SP ELISA 


1.9 


0.1 


0.89 


39 


kidney transplant 


MC ELISA 


0.9 


0.3 


0.92 


44 




SP ELISA 


1.0 


0.3 


0.82 


44 



HPLC, high-performance liquid chromatography; MC, meth- 
ylene chloride: ELISA, enzyme-linked immunosorbent assay; 
SP, Sep-Pak columns. 



published data (5,9,10) but differ in the magnitude 
of difference between the SP-ELISA and the MC- 
ELISA (5,9). Our results are not in agreement with 
those of a recent report (15) documenting poor cor- 
relation (r = 0.41) between the MC-ELISA and the 
SP-ELISA of plasma. This may be due to the dif- 
ferences in the temperature used to separate the 
plasma from whole blood (37 fi C in this study, vs. 
24*C in the report cited earlier), the high coefficient 
of variation at low concentrationa measured in the 
published study, and minor differences in the actual 
extraction procedures used. The relationship be- 
tween SP-ELISA and the MC-ELISA reported by 
Winkler et al. (15) is also different from the original 
report by Kobayashi et al. (5). 

In this study, we observed similar whole blood 
concentrations of tacrolimus as measured by all 
three methods, as indicated by slopes of 0,92-1.1 
and correlation coefficients of 0.82-0.95 (when SP- 
ELISA and MC-ELISA were compared to HPLC- 
ELISA), independent of the functional status of the 
liver. This would suggest that the parent tacrolimus 
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FIG. 3, Plasma FK 506 concentrations as measured by Sep-Pak enzyme-linked immunosorbent assay (ELISA) (triangles), methylene 
chloride ELISA (black boxes), high-performance liquid chromatography ELISA (circles) and bilirubin (white boxes) In four liver 
transplant patients. 



is the predominant species in the whole blood and 
that relatively few metabolites accumulate in the 
blood. While similar correlation (0.786) has been 
reported for blood tacrolimus concentrations mea- 
sured by SP-ELISA and MC-ELISA, lower slopes 
indicative of actual differences between these mea- 
surements have been reported (5,15). Our observa- 
tions with regard to tacrolimus are consistent with 
the fact that little or no tacrolimus equivalent could 
be measured in fraction 1, collected on the HPLC. 
Whether the lack of tacrolimus equivalents in frac- 
tion I is due to the absence of cross-reacting tac- 
rolimus metabolites in this fraction or to the poten- 
tial instability of any tacrolimus metabolites in this 
fraction during the experimental procedure cannot 
now be clarified. 

We have also noted the blood concentration of 
tacrolimus to be consistently higher [overall mean 
± SD blood-to-plasma ratio (B/P) was 12.8 ± 8.4; 
for kidney transplant patients, B/P was 16.8 ± 9,9; 
for liver transplant patients, B/P was 9.8 ± 5.5] than 
the corresponding plasma concentrations in all the 
patients observed at all times, as has been reported 



earlier (2,6-8,10,13,15). These observations along 
with our earlier report would suggest that the parent 
tacrolimus is the primary species in the red blood 
cell and that tacrolimus metabolites do not appre- 
ciably partition into the red blood cells. The actual 
concentration of the metabolites that tend to accu- 
mulate in the plasma of patients with liver dysfunc- 
tion appears to be very small compared to the total 
concentration of tacrolimus in the whole blood* Our 
conclusions differ from those of the recent publica- 
tion (15), which suggests that the whole blood SP- 
ELISA and MC-ELISA are nonspecific and simul- 
taneously measure tacrolimus metabolites as well. 
While these investigators showed some (10-15%) 
cross-reactivity of one of the metabolites (di- 
methyl hydroxy tacrolimus), three other metabo- 
lites tested did not show any appreciable cross- 
reactivity with the monoclonal antibody used in the 
ELISA procedure. These investigators also inter- 
preted increased tacrolimus concentrations during 
episodes of liver dysfunction to be due to accumu- 
lation of tacrolimus metabolites. It should be real- 
ized that increased tacrolimus concentrations dur- 
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ing episodes of rejection could very well be the re- 
sult of impaired tacrolimus metabolism and 
accumulation of unchanged tacrolimus. 

We have observed an overall poor correlation (r 
- 0,44 in liver and 0,4 in kidney transplant patients, 
respectively) between the trough blood and trough 



FIG. 5. Correlation between whole blood and 
plaama as measured by solid phase extraction, 
liquid extraction, and high-performance liquid 
chromatography (HPLC) (circles), in four kidney 
transplant patients. Correlations between whole 
blood and plasma as measured by solid phase ex- 
traction and liquid extraction (boxes) and by 
HPLC (triangles) in four liver transplant patients. 
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plasma concentrations. This is consistent with pub- 
lished data (9,15). It is also of interest to note that 
the slopes of the lines describing the whole blood- 
to-plasma concentration of tacrolimus were 4*1 and 
1 1 .7, respectively, in liver and kidney transplant pa- 
tients (Fig. 5). When only HPLC-ELISA data were 
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TABLE 4. FK506— whole blood vs. plasma correlation 
analysis as measured by different methods 





Slope 


Intercept 




No. 


Liver transplant 










Sep-pak ELISA 


4.0 


3*5 


0.32 


58 


methylene chloride ELISA 


4.1 


4,7 


0.47 ■ 


58 


HPLC BL1SA 


7.7 


3.9 


0.59 


36 


overall (all three methods) 


4.1 


4.9 


0*44 


152 


Kidney transplant 










Sep-pak ELISA 


11,3 


7.0 


0.50 


43 


methylene chloride ELISA 


12.2 


7.5 


0.31 


37 


HPLC ELISA 


11.9 


7,4 


0.44 


38 


overall (all three methods) 


11.7 


7.4 


0,4 


118 



ELISA, enzyme-linked immunosorbent assay; HPLC. high- 
performance liquid chromatography. 



compared, the slopes were 7.7 and 11.9, respec- 
tively, in liver and kidney transplant patients. Our 
observations in kidney transplant patients indicate 
that the metabolites of tacrolimus do not accumu- 
late in plasma and/or that they are removed by the 
extraction process used. 

Our observations in the liver transplant patients 
can be partly explained by the accumulation and 
simultaneous quantitation of some ELISA cross- 
reactive metabolites of tacrolimus by SP-ELISA 
and MC-ELISA in plasma obtained from liver 
transplant patients with poor liver ftinction. The 
higher slope of the blood-to-plasma concentration 
comparison, 11.7 and 7*7, respectively, in kidney 
and liver transplant patients suggests higher uptake/ 
binding of tacrolimus to the red blood cells or de- 
creased plasma protein binding of tacrolimus in kid- 
ney transplant patients as compared to liver trans- 
plant patients. 

The significant positive intercept (3,5 to 7.5) ob- 
served is similar to what has been observed earlier 
(6,8,15) and is consistent with the reported nonlin- 
ear uptake of tacrolimus by the red blood cells (6,8). 
These observations indicate that it is inappropriate 
to extrapolate blood tacrolimus concentrations 
based on plasma tacrolimus concentration measure- 
ments made in transplant patients. 

Our current observations are also consistent with 
our previous report that the concentrations of tac- 
rolimus as measured by the three methods are also 
independent of the route of administration of tac- 
rolimus (10)* Tacrolimus is known to be metabolized 
by the cytochrome P-450 enzyme system (20-22), 
and this enzyme system is known to be present in 
the gut. In vitro studies with gut cytochrome P-450 
(unpublished observations) provide indirect evi- 
dence of the involvement of gut metabolism in tac- 



rolimus disposition. It is possible that in this patient 
population there was no route-dependent metabo- 
lism of tacrolimus, or that the metabolites produced 
in the gut do not cross-react with the monoclonal 
antibody used in this assay, or metabolites formed 
in the gut are removed during the extraction pro- 
cess. 

Our study indicates that tacrolimus can be mea- 
sured in whole blood by ELISA after SP or meth- 
ylene chloride extraction. The trough blood concen- 
trations of tacrolimus are seven to 12 times as high 
as the corresponding plasma concentrations. The 
blood-to-plasma ratio of tacrolimus is dependent on 
the assay method used, the nature of the organ 
transplanted, and the functional status of the liver. 

Acknowledgment: We acknowledge the financial sup- 
port of the Pathology Education & Research Foundation 
(PERF), University of Pittsburgh, and the Veterans Ad- 
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Summary: Tacrolimus (FK 506), an investigational immunosuppressant drug, 
is undergoing several trials for various transplantations where protocols call for 
monitoring plasma and/or whole blood 12-h trough concentrations. Initially, 
the FK 506 Central Laboratory (FCL) adapted an established en2yme immu- 
noassay (EIA) for FK 506 in plasma and provided clinical monitoring services 
for hepatic transplantation trials. Within 1 year, 16 clinical sites participating in 
these trials began direct use of the immunoassay for plasma and whole blood. 
A five step validation sequence facilitated rapid training and implementation of 
proficient assay services. All laboratories utilized common reagents, stan- 
dards, and procedures. Participation in a quality assurance program involved 
monthly analysis of the three proficiency unknowns supplied by the FCL and 
reciprocal analysis of five patient samples (cross-checks) by the FCL. The 
quality of the data produced was assessed by proficiency scores, bivariate 
regression analysis, and correlations that demonstrated the concordance of 
their assay results for FK 506 in plasma and whole blood. Key Words; Tac- 
rolimus— FK 506— Therapeutic monitoring— Enzyme immunoassay— Liver 
transplantation — Quality control. 



Tacrolimus (FK 506) is an investigational immu- 
nosuppressant agent that is being used in clinical 
trials for hepatic, renal, and other types of trans- 
plantations. The drug is 50-100 times more potent 
than cyclosporins, and the low doses employed pro- 
duce plasma concentrations that necessitate mea- 
surement by immunoassay. Present clinical proto- 
cols call for monitoring 12-h trough FK 506 concen- 
trations in all patients, with therapeutic plasma (PL) 
concentrations and whole blood (WB) concentra- 
tions expected to be in the ranges of 0.5-2 ng/ml and 
5-20 ng/ml, respectively. 
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Enzyme immunoassay (EIA) for FK 506 in 
plasma was developed by Tamura et al. (1). Cadoff 
et al. (2) implemented the assay with a C18 Sep-Pak 
extraction step; characteristics of this assay method 
were reported by Warty et al. (3). Jusko et al. (4) 
validated and employed a methylene chloride ex- 
traction procedure, which facilitated both plasma 
and whole blood analyses of FK 506. 

The FK 506 Central Laboratory (FCL) was es- 
tablished at the State University of New York at 
Buffalo in May 1990. Initially, its purpose was to 
adapt and validate the EIA for tacrolimus in plasma 
and whole blood and provide analytical services to 
all clinical centers outside of Pittsburgh that were 
utilizing FK 506 in liver transplantation patients. In 
March 1991, other clinical laboratories began to es- 
tablish on-site monitoring facilities. During the fol- 
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lowing months, the FCL provided technical support 
and training for 16 clinical sites, validating their use 
of the FK 506 EIA. A five-step validation program 
was established to assure that all laboratories were 
operating the FK 506 EIA accurately and precisely 
prior to implementing routine patient monitoring. 
Subsequently, all sites participated in a national 
quality assurance program set up by the FCL and 
Fujisawa to maintain integrity of results, 

This report summarizes the accumulation of val- 
idation and quality assurance data for the FK506 
EIA as performed with plasma and whole blood 
samples. Comparability of data produced from sev- 
eral clinical sites was evaluated in relation to results 
from one reference laboratory (FCL). 



METHODS 
Assay 

FK 506 was extracted from plasma (0.3 ml) or 
whole blood (0.02 ml) specimens into methylene 
chloride, The evaporated and reconstituted sample 
was assayed for FK 506 using a double antibody 
EIA method, Polyclonal goat-antimouse antibody 
(IncStar) was precoated onto EIA certified plates 
(ICN Flow) overnight at 4°C. FK 506 from the sam- 
ple and FK 506-peroxidase enzyme conjugate com- 
peted for sites on the monoclonal anti-FK 506 
mouse antibody, which formed an antibody com- 
plex with the polyclonal antibody coating the plate 
wells. Nonspecific sites were blocked using Wc bo- 
vine serum albumin in 0.05% Tween 20/phosphate 
buffer. After washing the unbound substances free, 
freshly prepared O-phenylenediamine HC1 solution 
was added to each well. The reaction was allowed 
to proceed in the dark and, after 15 min, was ter- 
minated by adding AN H 2 S0 4 to each well Color 
was read at 490 nm. A four-parameter logistic func- 
tion fit the standard curve and results were calcu- 
lated using the KinetiCalc 2.026 (Fisher Scientific) 
software program. 

As previously reported (4), the routine assay 
yielded a lower limit of quantitation (LOQ) of FK 
506 of 0.2 ng/ml in plasma and 1.0 ng/ml of whole 
blood. The higher limit of quantitation (HOQ) ex- 
ceeded, but was taken as the highest standard for 
each curve, 120 ng/ml in whole blood and 10 ng/ml 
in plasma. A conservative approach allowed partic- 
ipating sites to report a range of only 2-80 ng/ml for 
whole blood and 0.2-5 ng/ml for plasma samples, 



unless upper range concentrations were appropri- 
ately diluted. The coefficient of variation (CV) for 
quality control (QC) samples in plasma and whole 
blood typically ranged from 4 to 27% and 4 to 17%, 
respectively. 

Guidelines for assay acceptability were estab- 
lished and maintained at each laboratory (5). Up to 
six individual absorbances or three entire standard 
concentrations of the 10 whole blood or 11 plasma 
standards could be omitted if their predicted con- 
centrations exceeded 30% of nominal values. Six 
plasma controls were assayed on each plate: two 
low (0.3 ng/ml), two medium (1.2 ng/ml), and two 
high (3.0 ng/ml). Four of these six controls, one 
available at each concentration » had to be within 
±30% to accept results from the assay. Controls for 
whole blood were 4, 15, and 60 ng/ml. 

All clinical laboratories followed standard oper- 
ating procedures identical to those of the FCL. Rig- 
orous documentation was required and site inspec- 
tions performed to assure that procedural differ- 
ences between laboratories were minimal. 

FK 506 Standards, QCs, and Primary 
EIA Reagents 

Standards and QC preparations were supplied by 
the FCL for all whole blood assays and nearly all 
plasma assays. If plasma standards were prepared 
at clinical laboratories, these were tested against 
FCL standards to verify accuracy. Primary re- 
agents, such as polyclonal antibody (IncStar), 
monoclonal anti-FK 506 antibody (Fujisawa Ltd), 
and FK 506 peroxidase enzyme conjugate (Ftyi- 
sawa Ltd) were specified and no substitutions al- 
lowed. 

FK506 methanol stocks were prepared at various 
concentrations. Ten mg of FK 506 powder (Fuji- 
sawa Ltd) were weighed and dissolved in 10 ml of 
methanol (Burdick and Jackson), Dilutions were 
prepared in methanol and stored at < - 20°C in glass 
vials with teflon-lined caps for no >3 months . 
Plasma standards (11 concentrations) and controls 
(three concentrations) were prepared in pooled ci- 
trate-phosphate-dextrose plasma (American Red 
Cross) by spiking specified volumes of these meth- 
anols stocks (methanol content < 1% total volume). 
Whole blood standards (10 concentrations) and con- 
trols (three concentrations) were prepared similarly 
in heparinized whole blood collected from normal, 
drug-free volunteers or in purchased EDTA whole 
blood (ABT Laboratories). Aliquots of standards 
and controls were transferred to 1,5 ml (0.4 ml 
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plasma standard or 0.7 ml plasma control) or 0.5 ml 
(0.1 ml whole blood) polypropylene centrifuge 
tubes (Laboratory Product Sales) and stored in 
sealed plastic bags at < -20 6 C. Standards and con- 
trols were shipped to laboratories in dry ice to main* 
tain frozen storage; new batches were supplied ev- 
ery 6 months for plasma and every 4 months for 
whole blood. Adequate stability (<10% loss) was 
confirmed to be at least 9 months for plasma and 6 
months for whole blood. 



survey of technical pipetting performance as well as 
reagent and equipment functioning for the E1A por- 
tion of the assay. Acceptable results were generally 
a CV of e20% for columns, rows, and mean absor- 
bances for the entire plate. Absorbances from zero 
FK 506 concentrations were expected to be >1.0; 
nonspecific absorbances, <0.1; and 0.1 ng/ml FK 
506 absorbances, >0.1 at 490 nm. 



//, FK 506 Standard Curve 



VALIDATION PROGRAM 
Design 

The validation program was designed to teach the 
FK 506 EI A simply and quickly, allow for easy 
troubleshooting of problems, and establish rapid 
quality on-site monitoring to accumulate site- 
specific data on intra- and interassay variability. 
The five-step validation program is outlined in Fig. 
1 and progressed as follows. 



The analyst extracted samples for one standard 
curve and measured results via the FK 506 EIA. 
Results of the standard curve were assessed for 
goodness of fit, expecting fitted values with <30% 
error from the nominal value within the reportable 
FK 506 range. Also, duplicate absorbances were 
evaluated for reproducibility. This step allowed for 
an initial survey of reagent functioning and equip- 
ment performance for the extraction portion of the 
assay. 



/. FK 506 EIA Variability at Zero and 
Nonspecific and Intermediate 
Concentration Measurements 

The analyst performed the FK 506 EIA, measur- 
ing results for one sample repeated over an entire 
assay plate. One EIA plate contained only the sam- 
ple reconstituting buffer (zero FK 506 level). An- 
other EIA plate contained the same, but anti-FK 
506 monoclonal antibody was absent (nonspecific 
level). The last plate contained 0.1 ng/ml of FK 506 
in sample-reconstituting buffer. Results generated 
from each plate were examined overall and with 
respect to each row, column mean, standard devi- 
ation, and %CV. This first step allowed for a quick 




FIG. 1. Schematic for the validation program for FK 506 EIA. 



///. Intraassay Variability 

The analyst extracted samples for one FK 506 
standard curve and six replicates of each control 
level. Mean, standard deviation, %CV, and % true 
error ([(mean-nominal value)/nominal value] x 
100%) were generated for each set of controls. True 
errors and %CV <30% were considered acceptable. 



IV. FK 506 Interassay Variability 

The analyst assayed samples for one standard 
curve and two controls at each level for 5 days. 
Mean, standard deviation, %CV # and % true error 
were generated. True errors and %CVs <30% were 
considered acceptable. 



V. FK 506 Blinded Samples 

The analyst assayed each of 30 unknown samples 
in duplicate for FK 506 content. Results were com- 
pared to data from the FCL, where each unknown 
was assayed three or more times. If >70% of values 
were ±30% of the FCL mean value, the validation 
step was considered acceptable and this part of the 
program was completed. 
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NATIONAL QUALITY ASSURANCE PROGRAM 
Design 

Two types of assessments were utilized to mea- 
sure interlaboratory variability and performance for 
FK 506 monitoring (6,7): (a) monthly proficiency 
samples— three samples spiked with FK 506 were 
sent monthly to laboratories for assay— and (b) 
monthly cross-checks— five site-assayed patient 
samples were shipped from laboratories to the FCL 
for reanalysis. Figure 2 depicts the overall plan. 

Proficiency Samples 

Just prior to the beginning of each month, the 
FCL prepared three batches of spiked FK 506 
pools, both in whole blood and plasma. Batches 
were placed in labeled polypropylene test tubes and 
stored at *s -20 C C in sealed plastic bags. The FCL 
analyzed each batch in duplicate over 5*3 days. The 
mean value generated for each batch was consid- 
ered the target value. Then, at the beginning of each 
month, the three proficiency samples were shipped 
frozen in dry ice to each laboratory for analysis. 
Results were recorded on specific worksheets and 
faxed from participating sites to the FCL for com* 
parison to the FCL target value; evaluations were 
faxed back to the sites with approval and accep- 
tance ranges recorded. Those sites with unaccept- 
able results were contacted in order to assess pos- 
sible problems and for reanalysis of samples. 

In October 1991, all three proficiency samples 
were identical and served as postvalidation mea- 
sures of intraassay variability. Also, the same sam- 
ple was sent as the no. 1 proficiency sample for 
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November 1991 and December 1991; these results 
were accumulated for calculation of post-validation 
interassay variability. Lastly, blank samples and 
samples measuring greater than the HOQ were also 
sent to assure that limits of the assay were mea- 
sured appropriately. 

Monthly Cross-Checks 

Each participating laboratory monitoring FK 506 
patient samples shipped five patient samples (cross- 
checks) for reanalysis at the FCL at the end of each 
month. The FCL would analyze each of these spec- 
imens and compare results to site values. If results 
were significantly different (>30%), the FCL ana- 
lyzed the samples a second time for confirmation or 
rejection of the first result. 

STATISTICS 

Validation, proficiency, and cross-check samples 
were treated as separate quality assurance mea- 
sures. For overall comparison of individual samples 
and laboratories, site values, y, were regressed 
against FCL values, x, using the modified weighted 
Deming's method (8), a procedure appropriate for 
correlating results when both variables are subject 
to error. The weighting function used was h> ( - [(*, 
+ yf)/2]~ 2 . Since only single determinations were 
made and the methodology utilized for both x and y 
variables was identical, the value of \ was assumed 
to = 1 , where X is the ratio of error variances of the 
x and y measurements. Both the fitted line, y = mx 
+ b % and the /-statistic for the slope (versus unity) 
were computed. The t statistic was compared to 
two-tail t values at p < 0.05 and p < 0.01 for sig- 
nificance. The coefficient of determination, r 2 , for 
the fitted line was also obtained. The number of 
samples per laboratory varied depending on the 
number of months of program participation. For re- 
gression purposes, proficiency samples and cross- 
check samples assaying less than the reportable 
LOQ (PL = 0.2, WB * 2.0 ng/ml) or greater than 
the reportable HOQ (PL = 5, WB - 80 ng/ml) were 
omitted. Validation samples assaying outside of 
these limits were also omitted. 

RESULTS 

Validation Program 

Between March 1991 and September 1992, 16 
sites completed validation steps for whole blood 
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analysis and 11 of these also completed validation 
steps for plasma analysis. Eleven laboratories mon- 
itoring hepatic transplant patients initially utilized 
the plasma EIA; whole blood monitoring was per- 
formed simultaneously in a limited capacity for this 
population, starting in 1992 until the Abbott IM X (9) 
was adopted by nearly all sites in November 1992. 
The six laboratories monitoring renal and bone mar- 
row patients completed validation steps for whole 
blood analysis only. 

Failures occurred at nearly all phases of the val- 
idation program for both plasma and whole blood 
analyses. Since most sites completed validation of 
plasma analysis first, failures were more common 
for this phase. Overall, 38% (6/16) sites initially 
failed part I, 4% (1/27) failed part II, 22% (6/27) 
failed part III, 30% (8.27) failed part IV, and 11% 
(3/27) failed part V. (NB: n - 27, 1 1 sites for plasma 
4- 16 sites for whole blood.) Laboratories simply 
repeated the failed part of the validation phase until 
satisfactory results were obtained. Results com- 
piled in this report reflect final outcomes achieved 
at each laboratory. 

Intra- and interassay means and CVs for controls 
are compiled for whole blood (Table 1) and plasma 
(Table 2). FCL results are shown for comparison. 
Intraassay variability ranged from 2 to 29% for 
whole blood and from 5 to 27% for plasma. Interas- 



say variability ranged from 5 to 27% for whole 
blood and from 7 to 30% for plasma. Variability 
within and between assays was greater at lower FK 
S06 concentrations than at medium or high FK 506 
concentrations. Notably, the intraassay CV ex- 
ceeded the interassay CVs of several sites; the CV 
from the reference laboratory, in one case, ex- 
ceeded those of the other sites. 

Figure 3 and Tables 3 and 4 display results for 
whole blood and plasma unknowns utilized for part 
V of the validation process. Resulting overall slopes 
were fairly close to 1:1 .01 for whole blood and 1.13 
for plasma. Intercepts were insignificant and well 
below the LOQ for the assays; whole blood = 
-0.23 (LOQ = 2.0 ng/ml) and plasma = -0.06 
(LOQ = 0,2 ng/ml). Agreement between FCL and 
site values was good; r = 0,83 for 836 whole blood 
samples and r 2 = 0.90 for 497 plasma samples. 

Slopes from 56% (9/16) of laboratories assaying 
whole blood unknowns were significantly different 
from unity at the 95% confidence level (two-tail); 
45% (5/11) of laboratories assaying plasma un- 
knowns also had slopes significantly different from 
1. Overall, whole blood unknowns from all sites 
yielded a slope (1.01) not significantly different 
from the FCL values; however, the slope (1.13) 
from plasma unknowns from all sites tested as sig- 
nificantly different from 1. 



TABLE 1. Summary of validation precision for FK 506 EIA assay: whole blood 



FK 506 
concentration (ng/ml) 
Clinical site 


Intraaaaay mean (CV) 


Interassay mean (CV) 


4.0 
(Low) 


15.0 
(Med) 


60.0 
(High) 


4.0 
(Low) 


15.0 
(Med) 


60.0 
(High) 


1« 


4.0(11.8) 


14.4(12.2) 


62.1 (10.6) 


4.0(17.7) 


14.4(17.4) 


63.9(17.3) 


2 


3.8 (18.2) 


14J (13.1) 


73.9 (23.6) 


4.7 (7.0) 


15.3 (14.5) 


65.3 (14.8) 


3 


4.4 (8*2) 


14.6 (7.0) 


62.9 (10.9) 


4.1 (16.1) 


15.3 (11.1) 


70.9 (13.8) 


4 


4.0 (17.7) 


14.2 (11.2) 


60.6 (24.4) 


4.9 (15.5) 


15.3 (13.8) 


52.7 (13.5) 


5 


4.0 (24.0) 


13.7 (17.0) 


58.7 (11 ,0) 


4.2 (18.5) 


- 15.0 (9.4) 


63.1 (13.0) 


6 


3.9 (26.1) 


17.5 (17.4) 


61.1 (18.0) 


4.6 (12.5) 


14.8 (13.6) 


70.3 (7*7) 


7 


4.0 (13.4) 


17.2 (8.3) 


63,7 (4.4) 


4,1 (9.6) 


15.3 (12.0) 


57.3 (7.8) 


8 


4,9 (28.7) 


16.7 (7.8) 


64.6 (1.5) 


4.1 (18.8) 


16.3 (11.6) 


63.2 (5.7) 


9 


3.7 (10.3) 


12.0 (7.8) 


55.4 (12.9) 


4.6 (12.8) 


14.3 (7.5) 


49.5 (15.6) 


10 


3.8 (9.8) 


13.7 (17.6) 


60.7 (9.6) 


3.7 (19.2) 


14.5 (14.1) 


61.2 (14.1) 


11 


3.8 (10.9) 


14.0(11.4) 


45.7 (6.5) 


4.1 (lt.0) 


15.6(12.0) 


50.0 (11,0) 


12 


3.3 (9.2) 


17.1 (4.3) 


43.7 (4.4) 


4.6 (6.3) 


17.5 (15.5) 


51.6(14.2) 


13 


3.6 (8.0) 


17.9 (7.0) 


65.1 (3.4) 


4.6 (23.1) 


17.3(11.7) 


69.1 (11.8) 


14 


4.4 (8.4) 


16.5 (10.6) 


61.3 (18.0) 


4.0 (10.7) 


14.5 (7.1) 


63.2 (4.5) 


15 


4.3 (13.8) 


11.7 (9.9) 


58.7 (15.8) 


4.2 (27.0) 


13.6 (19.0) 


57.4 (17.0) 


16 


4.0 (11.4) 


15.6 (7.5) 


61.2 (7.5) 


4.2 (13.2) 


15.4(17.1) 


56.8 (10.1) 


Site mean (CV) 
FCL mean* (CV) 


4.0 (14.4) 


15.0 (10.6) 


60.0 (11.4) 


4.3 (14.9) 


15.3 (13.0) 


60.3(12.1) 


3.9 (18.0) 


14.0 (6.6) 


73.6 (6.0) 


4.2(21.0) 


16.8 (19.6) 


66.1 (14.9) 



a Mean of two technicians. 
b 7 assay days. 



Thtr Drug Month Vol. 15, No. 5, I99S 



PROGRAM FOR MONITORING FK 506 CONCENTRATIONS 
TABLE 2. Summary of validation precision for FK 506 EIA assay: plasma 



419 



FK506 Intraassay mean (CV) " Intent meAn , rVl — 

concentration (ng/ml) bl H 77 interamy mean ( CV) 

Clinical site (Lo W) ^ *° 0.3 1<2 3 , 0 
j ■ K z0zL (Htgh > (Low) (Med) (High) 

? S:f <if :S [51% Hll sTffi ^ — *™ 

3 0.3 (20.7) 1 3 2 0 ' , 1,2(11 - 8) 3 -°( 80 > 

4 0.3(27.4 1 4 236 HmL 2*2 (27 5) 11 < 13 «) 2.8(15.2) 

5 0-4 19.4 .'J "!? j-Jg 5 ^ 0- Jf -f) 1.105.2) 3.1 W 

« 0.2(17.2) 0.9 ( 1 9 2 6 8 n « * 2"2 11 C2 '» 2 - 7 < 13 - 3 

7 0.3 (20.5 J i 3 J J"} ft 1 * 0- 3 ?;5) 1-K12.3) 3.0 6.6) 

* 0.3(15.8 3 9 3) • 'f S 3 1-3 01.0 3.4 21.5) 

9 0.3(16.0 1I 5 4 l-Jgft 0- 3 »8. 1.2(11.5) 3.1(21.2) 

J? 0 3 <"■*> I J (13.2) ] J ?'? ni mi 14 3 3 "0 

She mean (CV) 0.3(18.3) ,2128 7*1* ^ ^ " <180) 

FCL mean" (CV) q, 4 ^ U) gg^L, Oj 09.5) 1.2(14.4) 3.1 (J4.0) 

' n = 14 assays for interessay variability! ^ 



NATIONAL QUALITY ASSURANCE PROGRAM 
Proficiency Samples 

Tables 5 and 6 each provide a summary of regres- 
sion analyses for proficiency sample assays of FK 
506 for other site versus FCL whole blood and 
plasma results accumulated over 16 months (July 
1991-October 1992). Figure 4 displays the agree- 
ment between the FCL and sites for all data col- 
lected. 



Whole Blood 

Agreement between FCL and other laboratory 
whole blood proficiency values (Table 5) was excel- 
lent, with r 2 ranging from 0.90 to 1.00. Slopes 
ranged from 0.90 to 1.12 and intercepts were insig. 
nificant or below the LOQ (2.0 ng/ml) for all sites. 
Only two sites had slopes that differed significantly 
from unity. 

When all site values were compared to FCL tar- 
get values via regression analysis, agreement was 
excellent (r 2 - 0.92), yielding the regression; other 
sites - 0.99 x FCL + 0.21, where n - 389. Over- 
all, the slope was not significantly different from 
unity. 



Plasma 

The FCL and other-site plasma proficiency val» 
ues (Table 6) agreed well as r 2 ranged from 0.81 to 
0.96. Slopes ranged from 0.88 to 1.13 and all inter- 
cepts were insignificant and below the LOQ (0.2 



ng/ml). Only one slope (site 10) tested significantly 
different from unity. 

When all site values were compared to FCL tar- 
get values using regression analysis, agreement was 
good (r 2 = 0.89), yielding; other sites = 1.00 x 
FCL - 0.02, where n = 430. The slope was statis- 
tically identical to unity. 

Intraassay and Interassay Variation Assessments 

Table 7 compares variation measures for each 
site for proficiency sample assays that were incor- 
porated into the quality assurance program. Almost 
all sites performed within the expected range (CV 
«s30%). Blank samples and samples yielding values 
greater than assay HOQ were in agreement as well. 

Monthly Cross-Checks 

Tables 8 and 9 display regression analysis results 
for other-site versus FCL whole blood and plasma 
cross-check specimens accumulated over 16 
months (July 1991-October 1992). As displayed in 
Fig. 5, most patient samples measured within the 
lower half of the standard curve range: «s2.5 ng/ml 
for plasma and *s40 ng/ml for whole blood. 



Whole Blood 

Agreement was reasonable (r 2 - 0.62 - 0 97) 
between the FCL and 12 of the 15 sites comparing 
whole blood specimen results (Table 8). Slopes 
ranged from 0.79 to 1.18 and 10 of the 12 intercepts 
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FCL VALUE, nfl/ml 

FIO. 3. Comparison of FK 506 concentrations measured In val- 
idation samples for whole blood and plasma for all participating 
laboratories versus the FCL. Line indicates slope of unity. 

are insignificant and below the LOQ. Three sites 
showed poor correlations (r 1 = 0.15-^0.40) and de- 
viant slopes (1.31, 1.33, and 5.29), as well as inter- 
cepts greater than the LOQ (-2.39 and -20.70), 
Slopes from two of the 16 sites tested significantly 
different from unity. 

Overall regression analysis yielded results that in- 
dicate excellent comparability: other sites - 1,03 x 
FCL + 0.02, where n - 478. Agreement was rea- 
sonable: r* * 0,75. This slope was not significantly 
different from unity, 

Plasma 

Degree of agreement between the FCL and 11 
sites was less variable for reanalysis of plasma spec* 



imens, ranging from r 2 - 0.66 to 0.98 for 10 of the 
11 sites (Table 9), Individual slopes ranged from 
0,90 to 1.34. None of the 11 intercepts were signif- 
icantly above the LOQ. The correlation for one site 
was poor {r 2 as o ,33). Slopes from four sites were 
significantly different from unity. 

As shown in Fig. 3, overall regression analysis 
yielded results suggesting slightly lower FK 506 
concentrations of jointly analyzed patient speci- 
mens on second analysis: other sites = 1.14 x FCL 
- 0,02, where n = 680, Agreement was reasonable: 
r 2 ~ 0.74. The slope generated was significantly 
different from unity. 

DISCUSSION 

The EIA method was the simplest, most sensitive 
methodology available for clinical use in monitoring 
patient therapy with FK 506 when initial clinical 
trials began. Subsequently, high-performance liquid 
chromatography (HPLC) with fluorescent derivati- 
zation of FK 506 has been used in limited pharma- 
cokinetic studies in Japan (10). In the U.S.A., Ab- 
bott Laboratories developed an IM X method for 
whole blood, employing the same antibody as that 
employed in the EIA (9). As of November 1, 1992, 
most clinical sites utilize this method for monitoring 
FK 506 concentrations. The disadvantages of the 
original EIA method include potential measurement 
of metabolites due to cross reactivity with the 
monoclonal antibody (11), length of time required to 
produce assay results (24-36 h), and the large vari- 
ation experienced at the lower concentration range 
(CV up to 30% within one laboratory) (4). The latter 
is a common problem with EIA assays. These fac- 
tors, along with concerns about adsorption of FK 
506 to glass and plastics, argued for establishing a 
quality assurance program with one source of stan- 
dards, common operating procedures, and interlab- 
oratory standards for comparisons. 

Common standards, controls, and primary re- 
agents were supplied by Fiyisawa and the FCL. 
Standards and controls were prepared, tested, and 
distributed by the FCL. Primary reagents, such as 
polyclonal antibody (IncStar), monoclonal antibody 
(Fiyisawa Ltd), and FK 506-POD (Fiyisawa Ltd) 
were in common usage, The standard operating pro- 
cedure was identical for all laboratories, These 
commonalities eliminated potential additional 
sources of variation resulting from differences in 
methodology (12), calibrators (13), and measure- 
ments due to inconsistent nonspecific and CrOSS- 
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TABLE 3. Comparison of whole blood EI A for FK 506 validation result 



site 


aiopc 

\fn) 




m — i 




ii 


Proficiency 
score - 


1 


0.99 


0.22 


-0.35 


0.88 


53 


93 


2 


1.02 


1.41 


0.43 


0.87 


56 


87 


3 


1.22 


0.56 


5.96* 


0.93 


50 


80 
72 


4 


1.10 


-0.09 


1.34 


0.85 


57 


3 


1.08 


-0.24 


1.05 


0,88 


50 


76 


6 


0.71 


1.33 


-7.19" 


0.83 


46 


80 


/ 




-0.57 


2,10* 


0.88 


56 


90 


8 


1.11 




1.78 


0.89 


57 


83 


9 


1.10 


0.12 


2.28* 


0.97 


53 


89 


10 


1.14 


-M3 


3.77' 


0.90 


56 


93 


U 


1.08 


0.32 


2.14* 


0.97 


50 


82 


12 


0,85 


0.39 


-4.26 c 


0.89 


46 


93 


13 


0.96 


-0.38 


-L08 


0.85 


45 


86 


14 


0.80 


0.28 


-5,29* 


0.86 


50 


86 


15 


1.36 


-1.94 


2.14* 


0.97 


57 


80 


16 


1.04 


0.34 


1.09 


0,94 


53 


100 


AH 


1.01 


-0.23 


0.99 


0.83 


836 





■ Percent of samples differing by «30ft from nominal values. 
* Significant at p < 0.05. 
c Significant at p < 0.01. 



reactive binding. Hence, the only differences exist- 
ing between laboratories were those of technical 
performance and some minor items of equipment. 

Validation Program 

Technical training, advice, and support was pro- 
vided by one "referee" laboratory, the FCL. This 
allowed for efficient central organization and con- 
sistency of technical support. Since the variability 
of this EIA was greater than desirable and the 
method tedious, large variation in results was ex- 
pected. As the validation program was partly a 
learning experience for outside sites, larger varia* 
tion in results was expected for unknowns (part V) 



than for proficiency assays performed in the quality 
assurance program. Last, the largest variation was 
expected for comparison of patient sample mea- 
surements since most patient concentrations fell 
closest to the lower control range, where variation 
was the highest. 

The validation program sought to establish inde- 
pendent efficient operation of the FK 506 EIA at all 
laboratories without compromising quality. Results 
provided in this report show that each laboratory 
accomplished the task with different levels of pro- 
ficiency; however, all laboratories attained suitable 
precision (and accuracy, which was not reported) 
below the 30% allowable limit. As noted in the re- 
sults, the intraassay CV reported sometimes ex- 



TABLE 4, Comparison of plasma EIA for FK 506 validation results 



Clinical 
site 


Slope 
(m) 


y- 

intercept 


t for 
m * 1 




n 


Proficiency 
score 


1 


1.21 


-0.10 


3.67 a 


0.88 


45 


83 


2 


1.04 


0.00 


0.66 


0.89 


50 


95 




1.05 


-0.04 


0.79 


0.94 


46 


88 
90 


4 


K07 


-0.09 


1.22 


0.92 


44 


5 


1.11 


-0,08 


1.37 


0,74 


46 


80 


6 


0.96 


-0.03 


-1,90 


0.98 


46 


95 


7 


1.18 


-0.06 


3.08* 


0.93 


46 


82 


8 


1.31 


-0.10 


12.0* 


0.98 


46 


82 


9 


1*21 


-0.12 


3.52* 


0.96 


37 


94 


10 


0.91 


0,03 


4.13- 


0,94 


46 


91 


11 


0.99 


-0.05 


-0,14 


0.95 


45 


75 


All 


1.13 


-0.06 


7.56* 


0.90 


497 





* Significant atp <0.01. 
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TABLE S. Comparison of whole blood El A for FK 506 proficiency results: July, 199l~October, 1992 



site 


No. mo 


Slope 

(m) 


intercept 


f for 
m + 1 


r 2 


n 


1 


9 


0.96 




— 1.03 


A AC 

0.95 


18 


2 


9 


1.07 


v.JO 


n ofi 


u.yu 


17 


3 


1 


0 99 


1 RR 

1 .00 


~u.uo 


l.UU 


3 


4 


8 


0.92 


— n m 


1.01 




24 


3 


7 


1.06 




1 1Q 

i*jy 




21 


6 


15 


035 


0.51 


-1.62 


0,92 


43 


7 


7 


1.12 


-0.26 


2.64* 


0.94 


21 


B 

0 


o 
o 


0.98 


1.10 


-0,45 


0.95 


23 


9 


9 


0.95 


-0*15 


-1.27 


0.94 


26 


10 


7 


0.91 


1.89 


-171 


0.96 


21 


11 


10 










0 


12 


16 


1.01 


0.29 


0.16 


0.91 


45 


13 


26 


0,98 


0.87 


-0.58 


0.92 


45 


14 


14 


0.95 


0.27 


-1.09 


0.91 


39 


15 


8 


1.00 


0.28 


-0,43 


0.94 


23 


16 


7 


0,90 


-0.41 


-2.91* 


0.96 


21 


AH 




0.99 


0.21 


-1.21 


0.92 


389 



• Significant at p <0,05, 

* Significant at p * 0.01. 



ceeded the interassay CV. This is partly explained 
by the fact that the validation program was a learn- 
ing process. Intraassay values achieved were the 
results of a second phase in performing the assay 
whereas interassay values came after early experi- 
ence was gained (see Fig* 1). Values reported for 
the reference laboratory were also achieved early in 
establishing the validity of the assay. 

Regression analysis of the validation unknowns 
indicated that a high percentage of the regression 
slopes from various sites differed significantly from 
1.0. Such deviations, while indicative of a system- 
atic difference between laboratories, are often not 
meaningful in terms of overall assay comparability. 
Occurrence of a lower r 2 , indicating greater variabiN 
ity, diminishes the / value (e.g., Table 9, sites 4 and 



10). The original criteria for success with the assay 
called for errors ^±30% of PCL values for 70% of 
samples. All three measures must be considered 
jointly for proper assessment of comparability of 
results from different laboratories. 

The minimum time required to complete the val- 
idation procedure is 3 weeks. Most clinical labora- 
tories were operational within 1-2 months following 
acquisition of equipment and commitment to the 
program. 

Quality Assurance Program 

The quality assurance program was voluntarily 
established by Fiyisawa and the FCL in a collabo- 
rative effort, rather than having been mandated by 





TABLE 6. Comparison of plasma 


EIA for FK 506 proficiency results: July, 1991-October, 1992 




Clinical 




Slope 


y- 


t for 






site 


No. mo 


(m) 


intercept 


m + 1 




n 


1 


U 


1.04 


-0.09 


0.70 


0.90 


39 


2 


12 


0.96 


0.02 


0.97 


0.91 


33 


3 


14 


1.05 


-0,09 


0.53 


0.86 


38 


4 


15 


0.96 


0.03 


-0.86 


0.91 


41 


5 


15 


0.98 


0.01 


-0.33 


0.96 


42 


6 


16 


0.88 


0.09 


-1.34 


0.93 


45 


7 


15 


1.03 


-0.01 


0.52 


0.90 


42 


8 


15 


0.94 


0.14 


-0.63 


0.81 


42 


9 


15 


0.98 


-0.10 


-0.20 


0.95 


42 


10 


11 


1.13 


-0,01 


2.23° 


0.93 


30 


11 


13 


0.99 


0.03 


-0.22 


0.93 


36 


All 




1.00 


0.O2 


0,14 


0.89 


430 



° Significant at p « 0.05. 
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PCL VALUE, ng/ml 
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FCL VALUE, ng/ral 

FIG. 4. Comparison of FK 506 concentrations measured in pro- 
ficiency samples in whole blood and plasma for all juirticipating 
laboratories versus the FCL. Line indicates slope of unity. 

the Food and Drug Administration (FDA). The 
goals were to reduce interlaboratory variation and 
eliminate the need to later adjust or standardize 
compiled multicenter FK 506 data for New Drug 
Application (NDA) submission (14). In order to 
achieve and validate these goals, participation by 
each clinical site in this program was mandatory. 
Overall, this program yielded excellent agreement 
in FK 506 concentrations between laboratories and 
the FCL, However, several laboratories performed 
less satisfactorily than others. 

Proficiency samples yielded the most impressive 
correlations. Slopes were fairly close to 1 .0 and cor- 
relation coefficients near 0.90 in interlaboratory 
comparisons (Fig. 3). Individually, each laboratory 
performed proficiency testing well within the limi- 
tations of the assay. Intra- and interassay measures 



assessed in late 1991 produced acceptable results in 
93% (14/15) of laboratories. Since proficiency sam- 
ples were tested numerous times at the FCL, and 
stored and shipped under identical conditions, this 
quality assurance measure was the most objective 
of all comparisons made in the program. 

Cross-check samples emphasized the lower 
FK506 concentrations, where most patient results 
were likely to occur, but where variability of the 
assay was highest (4). Thus, correlations were poor- 
est for this quality assurance measure. Cross-check 
results were satisfactory at most sites, but indicated 
that FK 506 had possibly degraded slightly in 
plasma, since slopes were >L0 in most, but not all, 
laboratories. The correlation was adequate (r 
> 0.7) for 92% (11/12) of laboratories analyzing 
plasma and for 73% (11/15) of laboratories assaying 
whole blood. Sites exhibiting poorer correlation for 
cross-check samples always exhibited better results 
for proficiency samples. Degradation of cross- 
check samples might have occurred naturally or 
been caused by inconsistencies in specimen pro- 
cessing, i.e., amount of time kept at room temper- 
ature, number of freeze-thaw cycles, or storage. A 
stricter sample control process for this part of the 
program was clearly indicated* 

A further comparison of interlaboratory data, 
i.e., examining regression slopes for statistically 
significant differences, was reviewed. Generally, 

TABLE 7, Intra- and interassay variability tested in FK 
506 quality assurance program as proficiency samples 



Clinical 
site 



Intraassay 
CV 



Interassay 

cv 



Whole blood 
l 
2 
3 
4 

FCL 

Plasma 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

FCL 



35.39 
17.10 
8.56 
1.05 

6.46 



10.79 
10.70 
0.63 
8.71* 
5.41 
2.52 
26,94 
4.95 
12.26* 
14.98 
3.22 



8.36 



7.32 
13.80 
11.19 
23.98 

18.30 



28.55 
26.55 
15.31 

9.59 
17.00 
11.68 
36.55 

3.79 
16,84 

9.08 

2.65 

9.76 



8 Mean of two technicians. 
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TABLE 8. Summary of results of cross-check analysis for whole blood FK 506 ElA: July, 1991-October, 1992 



Clinical 




Slope 


y~ 


/for 






site 


No. mo 


(m) 


Intercept 


m + 1 




n 


I 


5 


1.15 


-2,00 


1.36 


0.90 


24 


2 


3 


0.85 


-0.00 


-3.28" 


0.97 


16 


3 


0 


— 


— 


— 


— 


0 


4 


3 


1.33 


-2.39 


1.22 


0.39 


17 


5 


4 


1.14 


-0.72 


1.54 


0.62 


19 


6 


10 


1.09 


0.72 


1.04 


0.89 


Aft 


7 


1 


S.29 


-20.70 


0.13 


0.15 


5 


8 


7 


0.79 


2.66 


-3,65 


0.87 


33 


9 


10 


0.91 


-0.06 


-1.84 


0.82 


49 


10 


7 


1.31 


-0.40 


1,57 


0.40 


35 


11 


0 










0 


12 


14 


0.97 


-7.33 


-0.40 


044 


73 


13 


16 


1.08 


-0.21 


1.31 


0.80 


79 


14 


6 


0.84 


1/75 


-2.05 


0.75 


30 


15 


7 


1.18 


-0,56 


2.76 


0.83 


33 


16 


4 


0.98 


0.53 


-0,20 


0.84 


15 


All 




1.03 


0.02 


1.36 


0.75 


478 



* Significant at p <s 0.01 . 



most sites and overall measures tested well, with 
the exception of the plasma cross-check portion. 
However, once again, we believe that the /-test 
overweighs the significance of the differences, 
given the high variation inherent in the methodol- 
ogy. 

Differences between laboratories and types of 
comparisons may also be due to a number of vari- 
ables. The number of analyses performed at the 
FCL differed; proficiency targets were established 
from a mean of six or more values whereas cross- 
check assay of specimens were performed one time 
only. Proficiency samples were prepared by adding 
pure FK 506 to normal pooled plasma for process- 
ing and distribution by one laboratory (the FCL). 



Cross-check specimens, representing various pa- 
tients on FK 506 therapy at 16 different clinical 
sites, were processed in normal fashion by their lab- 
oratories. Minor inconsistencies in specimen han- 
dling between laboratories, coupled with inherent 
variability in patient biochemistry and pharmaco- 
kinetics, metabolite formation , and concomitant 
therapies could cause cross-check specimens to be 
subject to more error. 

During the first year of this program, FCL values 
were utilized as reference values. This approach 
seemed logical, as the FCL had established the 
methodology and used it for some timet and had 
provided training and support to other laboratories* 
However, once other sites were operational for an 



TABLE 9- Summary of results of cross-check analysis for plasma FK506 EIA: July, 1991-October, 1992 


Clinical 


Slope 


y- 


l for 






site 


No* mo 


(m) 


intcrccpt 


m + 1 




n 


1 


14 


1.15 


0.02 


1.30 


0.66 


68 


2 


9 


1.01 


-0.01 


0.11 


0.79 


39 


3 


14 


1.17 


0,02 


2.17 fl 


0.84 


61 


4 


14 


0.90 


0.07 


-0.63 


0.33 


80 


5 


15 


1.12 


-0.06 


1.51 


0.98 


73 


6 


13 


0.96 


-0.04 


-0.56 


0.77 


56 


7 


14 


1.34 


-0.05 


2.94* 


0.87 


63 


6 


14 


1.07 


-0.03 


0.75 


0,60 


63 


9 


15 


1.20 


-0.05 


2.96* 


0.77 


75 


10 


11 


1.28 


-0.06 


1,65 


0.69 


50 


11 


13 


1.18 


0.04 


2.05- 


0.92 


54 


All 




1.14 


-0.02 


4.49* 


0.74 


680 



* Significant at p * 0.05. 

* Significant at p * 0.01. 
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0 20 40 60 80 
FCL VALUE, njf/ml 



i 




FCL VALUE. ng/ml 
FIG. 5. Comparison of FK 506 concentrations measured in 
cross-check samples of whole blood and plasma for all partici- 
pating laboratories versus the FCL. Line indicates slope of 
unity. 



extended period, using the resulting peer group 
means may be of advantage. While Teitz et al. (15) 
argued against use of peer group means for profi- 
ciency testing, use of this tool for this particular 
program may well be the best alternative, as there is 
no reference method available for FK 506. Also, 
preparation, testing, and distribution of large 
batches of reference material for a small number of 
laboratories is laborious. 
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PHARMACOLOGY OF FK 506 



FK 506 Assay Past and Present— Characteristics of FK 506 ELISA 

M. Kobayashi, K. Tamura, N. Katayama, K. Nakamura, K. Nagase, K. Hane, T. Tutumi, M. Niwa, 
H. Tanaka, K. Iwasaki, and M. Kohsaka 



FK 506 is a 27-ring macrolide antibiotic with strong 
immunosuppressive activity. Its chemical and crys- 
tallographic structures have been reported by H Tanaka et 
ai 1 and T Taga et al, 2 respectively. With its strong immu- 
nosuppressive activity, FK 506 is now in multicenter 
clinical trials for kidney and liver transplantations in Eu- 
rope, the United States, and Japan. Like cyclosporine 
(CyA), drug level monitoring is an important issue. By 
comparing its activity with CyA and CyA's blood concen- 
tration (whole blood at 300 ng/mL and plasma at 50 
ng/mL), development of an assay method with minimal 
detection levels of approximately 0.05 to 0.5 ng/mL for 
plasma and 0.3 to 3 ng/mL for whole blood were 
expected. From its structure, it was evident that FK 
506 does not have a strong chromophore in the mole- 
cule and it was considered inappropriate to use the high 
performance liquid chromatography-ultraviolet detector 
(HPLC-UV) method. While the detection limit was 50 
ng/mL for pure FK 506 with HPLC-UV, the detection limit 
was increased to 100 ng/mL with the spiked sample in dog 
plasma. 

With the availability of a monoclonal antibody (MAb) to 
FK 506, we established a double antibody enzyme-linked 
immunosorbent assay (ELISA) for FK 506 3 that has been 
used for therapeutic monitoring in organ transplantation at 
the University of Pittsburgh since 1989 with the Sep-Pak 
extraction method for plasma. 4 Like CyA, FK 506 is 
present in bound form in red blood cells (RBCs) in whole 
blood 5 ; an assay method for whole blood was therefore 
desirable. Since the introduction of the ELISA method, 
the main concern has been the cross-reactivity of possible 
metabolites in the ELISA. 6 7 Improvement of sensitivity 
by the HPLC method has been tried for a specific assay 
using chemiluminescence detection 8 or in conjunction with 
the Fab mass detector, 9 Metabolites that work with the 
improvement of the detection method should afford more 
appropriate analysis for therapeutic monitoring. However, 
in the light of clinical benefit currently ongoing with the 
drug level, we will focus our discussion on the character- 
istics of the ELISA in this paper. We report a unified 
extraction method for whole blood and for plasma, and 
correlation for the Sep-Pak method. Furthermore, the 
characteristics of the ELISA were thoroughly analyzed. 
From the preliminary analysis of mixed lymphocyte reac- 



tion (MLR) suppressive and immunocross-reactivities of 
FK 506 analogues and metabolites, the validity of the 
ELISA for patients' immunosuppressive state was partly 
suggested and a possible epitope on FK 506 to MAb was 
proposed. 

METHODS AND RESULTS 

Antimouse IgG (Cat #83605) was purchased from Atlantic Anti- 
bodies (Stillwater, MN, USA). 

Comparison of the Extraction Method for FK 506 
Concentration With Spiked Human Plasma Obtained From 
Kidney Transplant Patients 

The Sep-Pak extraction method for plasma specimen has been 
reported by the Pittsburgh group. 4 

CH 2 Cly Liquid-Liquid Extraction for the Plasma Specimen. 
One hundred microliters of the plasma sample was added to a 
mixture of 0.1 mol/L phosphate buffer (pH 7.0) 1.0 mL, CH 2 C1 2 
5.5 mL, and 10 M L of MeOH. The mixture was shaken vigorously 
(200 strokes/min) and centrifuged at 3,000 rpm for 10 minutes. The 
aqueous layer was aspirated, and 4.5 mL of the CH 2 C1 2 layer was 
transferred to a glass tube to which N 2 gas stream was introduced 
for a concentration below 37°C. The dried residue was reconsti- 
tuted in 180 juL of 300-fold diluted peroxidase-labeled FK 506 
(FK-POD) solution in BT-phosphate-buffered saline (PBS) (!% 
bovine serum albumin [BSA], 0.05% Tween 20-PBS) and 150 fxL 
was used for the FK 506 ELISA. 

CH.CU Liquid-Liquid Extraction for Whole Blood. Ten micro- 
liters of the whole blood sample was used instead of plasma (100 
M L) and extracted into 5.5 mL of CH 2 C1 2 by the same method as 
described above. 

With the spiked plasma sample, both extraction methods gave 
anticipated values as shown in Table 1. However, with patient 
specimens the Sep-Pak method tends to give approximately a 
twofold higher value than the CH 2 C1 2 extraction method. The 
correlation coefficient was 0.91 for 30 Japanese kidney transplant 
samples (plasma trough data) and 10 European liver transplant 
samples (plasma data) in clinical trials (Fig 1). 

FK 506 Recovery Dependence on the Extraction Period 

3 H-dihydro-FK 506 (sp. act. - 50.3 Ci/mmol; 52,608 dpm in 
MeOH 10 /iL) was extracted according to the plasma CH 2 C1 2 

From Fujisawa Pharmaceutical Co, Ltd, Osaka, Japan. 
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Table 1. Precision and Accuracy of the Sep-Pak Method for 
Plasma Spiked Samples and of the CH 2 CI 2 Extraction Method 
for Plasma and Whole Blood Spiked Samples 

Concentration 



Extraction 


Sample 


Volume 
(ML) 


(ng/mL) 
Added Found 


Accuracy 

(%) 


Precision 
(CV%) 


Sep-Pak 


Plasma 


100 


0.05 


0.044 


88.0 


17.65 




(dog) 


100 


0.25 


0.260 


104.0 


7.53 






100 


3.0 


2.960 


98.7 


6.41 


CH 2 CI 2 


Plasma 


100 


0.30 


0.32 


107 


6.0 


(n = 5) 


(human) 


100 


1.0 


1.0 


100 


7.4 






100 


3.0 


2.8 


93 


11.3 




Whole 


10 


3.0 


3.0 


100 


10.6 




blood 


10 


10 


11 


110 


9.6 




(human) 


10 


30 


33 


110 


4.7 




Whole 


100 


0.30 


0.31 


103 


20.1 




blood 


100 


1.0 


1.1 


110 


14.0 




(human) 


100 


3.0 


3.3 


110 


12.9 



Abbreviation: CV, coefficient of variance. 



extraction method as described above. Extraction was stopped at 
the designated time, and the radioactivity in the CH 2 CI 2 layer was 
counted, from which the recovery yield was calculated. 

The results of time dependency on extraction yield into CH 2 CI 2 
are shown in Fig 2. After 30 minutes of extraction, the yield 
piateaus at 85%. 

Stability of FK 506 in MeOH 

Ten fig/mL of FK 506 in MeOH was prepared and kept at -20°C. 
The sample was analyzed by norma! phase HPLC using TSKgel 
ODS-80T M (4 x 150 mm) under an isocratic condition of 




0-1 ■ 1 — — 1 ■ 1 1 

0 2 4 6 8 10 

LIQ-LIQ EXTRACTION ( ng / ml ) 

Fig 1 . Correlation between Sep-Pak extraction and CH 2 CI 2 ex- 
traction for Plasma FK 506 level. Patients' plasma samples (N = 
40) were extracted both by Sep-Pak and CH 2 CI 2 methods. The 
extraction was duplicate and ELISA was single for each extraction. 
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Sep-Pak 




tor 5 m 


in tor 30min 




1 


4.4 


5.5 


7.9 


2 


3.3 


3.3 


4.9 


3 


5.1 


5.9 


6.0 



* Plasma concentration (ng/ml) 



o* 1 ■ 1 - , 1 

0 20 40 60 

Shaking period ( min. ) 

Fig 2. Time dependence of 3 H-dihydro-FK 506 into CH 2 CI 2 on 
the recovery yield. 



H 2 0:THF:MeOH (5:3:2) at a flow rate of 1 mL/min at a constant 
temperature of 50°C. Detection was by UV 220 nm. On the day of 
quantitation, a series of standard solutions were prepared freshly 
from FK 506 powder. 

The results are summarized in Table 2. Although a rapid but 
small decrease in FK 506 concentration was noted in the first 
week, almost no loss of FK 506 was confirmed in the following 
days up until 8 months at -20°C. 

Stability of FK 506 in Plasma and Whole Blood 

A 100-fold concentrate of FK 506 in MeOH was prepared and 
mixed at 1:100 with human plasma or whole blood to prepare the 
FK 506 solution with the designated concentration. The prepared 
plasma and whole blood spiked specimens were kept at -20°C 
until analyzed by ELISA with the CH 2 C1 2 extraction method. In 
this stability test, -20°C stocked solution of FK 506 standard at 10 
/ig/mL in MeOH was used for quantitation. 

The results are also shown in Table 3. Spiked FK 506 was stable 
at -20°C for 6 months in plasma and in whole blood. 



Table 2. Stability of FK 506 in MeOH Assayed by HPLC 









Residual % 






Concentration 
Ouantitated 
(Atg/mL) 






Stored at -20°C for 






0 


1 wk 


2 wk 4 wk 2 mo 


4 mo 


8 mo 


8.96 


100 


95.5 


95.3 95.2 94.4 


95.6 


95.9 
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Table 3. Stability of FK 506 in Plasma and in Whole Blood 
Assayed by ELISA 



Concentration Detected (ng/mL) 



Concentration 



Stored at -20°C for 



Added 






9 wk 


(ng/mL) 


1 wk 


6 wk 


Plasma 






1.0 ± 0.0 


1.0 


0.90 ± 0.04 


1.4 ±0.0 


10.0 


9.7 ± 0.9 


11 ± 1 


10 ± 0 


Whole blood 






8.6 ± 0.3 


10 


8.8 ± 0.1 


11 ± 1 


100 


90 ± 10 


98 ± 1 


86 ± 17 



Preparation and Influence of RBC Lysate on the 
FK 506 ELISA 

Human RBCs were collected from 25 mL of heparinized whole 
blood by gradient centrifugation over Mono-Poly resolving me- 
dium (M-RPM; Flow Labs). After several washings with PBS, 
RBCs were sonicated in distilled H.O (total volume of 25 mL) for 
5 minutes. Cell homogenate was cleared of cell debris by centrif- 
ugation at 20,000g for 30 minutes to afford RBC lysate. Protein 
concentration by the Lowry method was 137.6 mg/mL. 

As is shown in Fig 3A, the shift by lysate was concentration 
dependent. When the protein concentration in the assay well was 
2.75 mg/mL. no optical density (OD) response was observed 
throughout the FK 506 concentration tested (0.02 to 10 ng/mL). It 
was noteworthy in the titration curve that a higher OD was 
observed at higher FK 506 concentrations in the presence of the 
lysate, while at lower FK 506 concentrations maximum OD was 
suppressed, indicating the decreased binding of FK-POD to MAb 
on the solid surface. 



Influence of a1-Acid Glycoprotein and Human FKBP on 
FK 506 ELISA 

FKBP (334 (jig) was purified from human tonsils (66.4 g) homoge- 
nate by a sequence of heat treatment-DEAE chromatography- 
ultrafiltration over XM-50 and YM-5-reversed phase HPLC, and 
its structure was confirmed by amino acid sequence. Binding ot 
appropriately diluted tested protein with serially diluted FK 506 in 
an assay buffer was equilibrated for 30 minutes and the interfer- 
ence by the interaction to the ELISA was examined from the OD 
difference. 

al-Acid glycoprotein, which is considered to be a main plasma 
circulating protein with FK 506 binding property, did not show 
any influence on the FK 506 ELISA at as high as 1 mg/mL. Thus, 
this binding is considered to be nonspecific and simply by hydro- 
phobic interaction, cannot compete with anti-FK 506 Mab to free 
FK 506 (Fig 3A). . 

On the other hand. FKBP as low as I ^mL in the assay well 
completely inhibited the binding of FK-POD to MAb on the solid 
phase (Fig 3B). It was also noted that at a high FK 506 level, 
competitive binding of free FK 506 was suppressed, thus giving 
higher OD as was observed with the RBC lysate experiment (Fig 
3B). 

Influence of Other Comedicated Drugs Along with FK 506 to 
the FK 506 ELISA 

Drugs tested were prednisolone (Wako Chemicals, Japan), flucon- 
azole (Pfizer Pharmaceutical), azathioprine (Sumitomo Pharma- 
ceutical. Japan), amphotericin B (Bristol Meyers-Squibb Co), 
gentamycin (Schering-Plough), and nifedipine (inhouse synthe- 
sized) at a final concentration of 100 nmol/L in the assay well, 
except for CyA. which was mixed with FK 506 at 200 (167 
nmol/L) and 500 ng/mL (416 nmol/L). 




fk-bp (-) 




FK506 (ng / ml) g 
Fig 3. (A) The influence of human RBC lysate on FK 506 ELISA. (B) The influence of FKBP on FK 506 assay. 



.01 



.1 1 
FK506 (ng / ml) 
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Table 4. The Influence of CyA at 200 and 500 ng/mL 



FK 506 




FK 506 




Sample 


Added CyA 


Measured 


Recovery 


(ng/mL) 


(ng/mL [nmol/LJ) 


(ng/mL) 


(%> 


0.0739 


200(167) 


0.0758 


102.6 




500 (416) 


0.088 


119.2 


0.384 


200 (167) 


0.411 


107.0 




500 (416) 


0.414 


107.8 


1.30 


200(167) 


1.375 


105.8 




500 (416) 


1.370 


105.4 



NOTE: CyA was mixed with FK 506 solution in assay buffer and added to the 
assay well. 



Noninterference by CyA was confirmed up to 500 ng/mL (Table 
4), and other drugs also showed no influence on the ELISA. 

Immunocross-reactivity and MLR Suppressive Activities of 
FK 506 Derivatives and Two Metabolites 

Binding by competition of serially diluted FK 506 metabolites and 
FK 506 derivatives to MAb was tested in the FK 506 ELISA 
system. Relative immunocross-reactivity was calculated from 
their IC 50 (ng/mL). 

Structures and correlation between MLR suppressive activity 
and immunocross-reactivity of FK 506 analogues and metabolites 
examined are shown in Fig 4. Relatively reasonable correlation 
was confirmed. One of the metabolites. FR901 154 demethylated 
at C-31, 9 did show 76% immunocross-reactivity with 37.7% MLR 
suppressive activity. The second metabolite (Ml) showed immu- 
nocross-reactivity and no MLR suppressive activity. 10 

DISCUSSION 

Following the establishment of the Sep-Pak method as an 
extraction method for plasma samples to remove EL1SA- 
interfering substances, we established the CHXU method 
to replace Sep-Pak for both plasma and whole blood 
samples. It was anticipated that the CH 2 C1 2 extraction 
method might be more preferable in the sense that FK 506 
and its metabolites can be extracted by the same method. 
Well precision for both spiked plasma and whole blood 
samples was established with CH 2 CL extraction (Table 1). 
However, when patient plasma trough levels measured by 
Sep-Pak and CH 2 C1 2 extraction methods were compared, 
consistently higher values were observed with the Sep-Pak 
method (Fig 1). The correlation coefficient was 0.91 with 
40 samples from Japan kidney transplant (30 samples) and 
European liver transplant samples (10). This indicates that 
as long as the same extraction method is used, similar 
information can be drawn although the absolute value is 
different. Currently, an automated assay system is under 
development by Abbott Labs. 11 

Extraction efficiency into CH 2 C1 2 from plasma was 
examined using 3 H-dihydro-FK 506. As is shown in Fig 2, 
the efficiency was time dependent, and after 30 minutes 
extraction, the recovery yield plateaued at 85% from both 
whole blood and plasma samples. When patient samples 
were measured with 5-minute and 30-minute extractions in 
which standard calibrators were treated the same way, 
respectively, the same concentration was obtained, sug- 




Fig 4. Structures and correlation between MLR suppressive 
activity and immunocross-reactivity of FK 506 analogues and 
metabolites. 



gesting that FK 506 and its metabolites in plasma extract- 
able into CH 2 C1 2 were extracted in the same yield as that 
of FK 506 in the calibrators (table insert in Fig 2). 

RBC lysate showed clear inhibition at 275 ^g/mL of 
protein concentration in the well. Titration study showed a 
higher FK-POD binding at high free FK 506 and low 
FK-POD binding at low free FK 506, suggesting the 
presence of specific inhibitors in the lysate to free FK 506 
antibody interaction. This was supported by the presence 
of FKBP-like protein in the RBC lysate. 10 

a- 1 -Acid glycoprotein, which was found as a main 
circulating binding protein for FK 506, did not show any 
influence on the FK 506 ELISA (Fig 3A) up to 1 mg/mL. 
Thus, the binding of a- 1 -acid glycoprotein is a nonspecific 
hydrophobic interaction, and FK 506 is easily captured by 
MAb from its binding to a-l-acid glycoprotein. Human 
FKBP was purified from human tonsillar cells and its effect 
was tested on the ELISA. FKBP, when added to the 
assay, strongly inhibited the binding of FK-POD to MAb 
on the solid phase at 1 /xg/mL (Fig 3B). The pattern of 
inhibition is very similar to the one by the RBC lysate; high 
FK-POD binding at high free FK 506 and low FK-POD 
binding at a low free FK 506 concentration. 
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Fig 5. Postulated epitope of FK 506 to MAb. 



When an interference on the FK 506 ELISA by other 
possible comedicated drugs was examined, CyA at 200 and 
500 ng/mL did not show interference, and quantitative 
recovery was confirmed (Table 4). Prednisolone, flucona- 
zole, azathioprine, amphotericin B, gentamycin. and nife- 
dipine at 100 nmol/L did not interfere with the FK 506 
ELISA at all (data not shown). 

From the study of structures and immunocross-reactiv- 
ities (Fig 4), we may postulate the epitope recognized by 
MAb to be a space formed by the C24-OH, C8-C9 a-di- 
carbonyl group, and C13-OMe group as shown in Fig 5. 
Examination of the FK 506 3D-structure' indicates that 
C24-OH and C13-OMe are directed in the opposite way 
and separated by 1 1.2 A. However, if FK 506 is rendered 
to conformational change as is the case of binding to 
FKBP, 12 all epitope-related residues are to be placed in a 
close vicinity. Good correlation between MLR immuno- 



suppressive activity and immunocross-reactivity to MAb, 
especially C13-demethylated FK 506, M-l, with both no 
immunocross-reactivity to MAb and MLR suppressive 
activity, supports the idea that the result by the current 
ELISA may reflect the immunosuppressive state of the 
patient. However, great discrepancy between plasma FK 
506 levels following the Sep-Pak method and allo-MLR 
suppressive activity, 6 especially in the initial phase after 
organ transplantation, may need further explanation, such 
as the presence of MAb reactive metabolites with less 
immunosuppressive activity or the presence of ELISA 
interfering substances that cannot be removed completely 
by the Sep-Pak method. 
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Measurement of blood concentrations of FK506 
(tacrolimus) and its metabolites in seven liver graft patients 
after the first dose by h.p.l.c.-MS and microparticle enzyme 
immunoassay (MEI A) 

A.-K. GONSCHIOR, U. CHRISTIANS, F. BRAUN, M. WINKLER 1 , A. LINCK, J. BAUMANN 1 & K.-Fr. SEWING 
Institut fiir AHgemeine Pharmakologie, Medizinische Hochschule Hannover, Hannover and 'Klinik fiir Abdominal- 
und Transplantationschirurgie, Medizinische Hochschule Hannover/Hannover, Germany 

1 Blood and urine concentrations of the, macrolide immunosuppressant FK506 and . 
its metabolites were measured in. seven orthotopic liver transplant patients after the ' 

first oral dose of FK506 (0.04 ± 0.02 mg kg" 1 ) used as primary immunosuppres- 
sant. A specific h.p.l.c.-MS assay was used, allowing the measurement of parent 
drug and eight metabolites. Results were compared with those obtained using a 
microparticle enzyme immunoassay (MEIA). 

2 Blood drug concentrations were described by an open two compartment model 
with first-order absorption giving the following mean data: / 1.9 "(h),- Ci. : 17:4 t ^ 
(\ig I" 1 ), AUC: 328,1 (fig l _l h), U h y. 0.74 (h). The terminal elimination half-life- 
was estimated at about 26 h using the h.p.l.c.-MS assay. 

3 The metabolites found in blood were : demethyI-FK506 and demethyl-hydroxy- t - 
FK506, while in urine FK506 and eight of its metabolites were detected. 

Keywords FK506 pharmacokinetics ; drug metabolism FK506 metabolites 
h.p.l.c^-MS therapeutic drug monitoring V 

Introduction - ■ ■ u 



FK506 (tacrolimus, Fujisawa, Osaka, Japan) is a 23- 
member macrolide lactone (C^H^NOp, molecular 
weight: 803.7 Dalton) with a hemiketal-masked <x,[J- 
diketoamide function, currently under clinical investi- 
gation as an immunosuppressant in patients after 
organ transplantation [\] and. in immunological dis- 
eases [2, 3]. 

FK506 is metabolized in the intestine and liver to 
at least nine metabolites [4], primarily by cytochrome 
P4503A [5, 6]. Four. FK506 metabolites resulting 
from demethylation and hydroxylation were identified 
after incubation with rat liver microsomes [7]. 
In * vivo demethyl-, ; di-demethy!-, di-demethy 1- 
hydroxy-FK506 have been detected in the blood and 
urine of liver graft patients [8]. The demethylated 
metabolites have immunosuppressive activity up to 
10% of that of the parent compound [4]. 

Immunological methods are currently used to mea- 
sure blood and plasma FK506 concentrations [9-11] 
using a monoclonal antibody which cross-reacts with 
FK506 metabolites [7, 12, 13]. The development of 



methods specific for FK506 and its metabolites has 
been, complicated by low (<20^fig 1~ ! ) blood .drug 
concentrations in patients [14]. Since h.p.l.c. with u.v. 
detection is hot sensitive enough to assay such con- 
centrations in patients [15], h.p.l.c. has been com- 
bined with immunoassays [12] or deri vat isation with 
dansylhydrazine [16] to enhance sensitivity. An 
h.p.l.c.vmass'spectrometric method (h.p.l.c.-MS) has 
been described [8] which allows the concomitant 
* measurement of FK506 arid its metabolites. 

Since all reported pharmacokinetic data for FK506 
are based on potentially non-specific immunoassays 
their significance may be limited: 

The aim of this study was to measure blood con- 
centrations of FK506 and - its metabolites using a 
specific h.p.l.c.-MS method after the first oral FK506 
dose, and to compare the results with those obtained 
using a microparticle enzyme immunoassay (MEIA) 
[17], which is currently the standard procedure for 
monitoring FK506 concentrations in patients. 



Correspondence: Dr Uwe Christians, Institut fur AHgemeine Pharmakologie, Medizinische Hochschule Hannover, Konstanty- 
Gutschow-Strasse 8, 3062S Hannover, Germany 
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reagents for this assay were purchased from Abbott. 
According to the IMx® Tacrolimus assay manual, the 
sensitivity of this assay is 5 jig I" 1 (lowest measur- 
able concentration which can be distinguished 
from zero with 95% confidence). The interassay CV 
during the study was 12.9% at 15.4 \xg \~ l and 15.4% 
at 25.9 \xg P 1 (/i =10). 



Results . . 

Table 1 summarizes the results of liver and kidney 
function tests as well as haematocrit and haemoglobin 
values for all patients. 

The mean blood drug concentrations measured on 
the first day after transplantation are. shown in Figure 
1. In two patients a second increase of the FK506 
concentration was observed after 5 and 8, h, respec- 
tively, representing about. 70% ' of the corresponding 
C mM value. Statistical tests on the curve fitting itera- 
tions indicated a median quadratic error of 10.3 

Table 1 Clinical chemistry and huemutologicul measure- 
ments in the patients on' the firs* day after transplantation 

. Median Range ... 

' . (n a 7) mm max 

ASAT (u ' 
ALAT (u 
GGT (u I - 
ALP(u r 
CHS(ku I 
GLDH (u 
Bilirubin 4 
Creatinine 
Urea (mm 
J HCT{%) 
HB (gdr; 
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Figure I Mean (± s.e, mean) blood FK506 and 
metabolite concentrations in seven liver graft patients on 
the first day after transplantation. • FK506, ▼ 13- 
demethyl-FK506, V demethyl-hydroxy-FK506 (measured 
by h.p.'l:c.-MS), □ measured by microparticle enzyme 
immunoassay (MEIA). 



(range 0.4-47.4) and a median correlation coefficient 
of 0.966. The pharmacokinetic parameters obtained 
from the h.p.l.c.-MS and MEIA measurements are 
shown in Table 2. Significant differences between the 
results using the two assays were not detected 
(WilcoxonV test). Owing to the limited sampling 
time values of r,,., were determined approximately. 
The mean value was about 26 h (range 4-60 h) using 
the h.p.l.c.-MS and 39 h (range 2-58 h) using the 
MEIA. 

Metabolites in blood represented about 20% of the 
FK506-derived material on the first day, after trans- 
plantation. The main metabolites found in blood 
were demethyI-FK506 arid demethyNhydroxy-FK506. 
After the first FK506 dose no correlations between 
the biochemical, haematological and pharmacokinetic 
parameters were found. ; 

In urine only- 20%.' of the FK506-derived material 
was present as parent drug, reaching concentrations 
of 0.5 ± 0.15 jig P 1 after 4 h. Of the metabolites 
measured in urine demethyl-FK506 had the highest 
concentration (maximum of 0.73 ± 0.27 fjig I"' after 
8 h). Other metabolites were detected by h.p.I.c.-MS 
at concentrations between 0.2-0.5 \ig l" 1 . 



Discussion 

The oral absorption of FK506, in contrast to that of 
cyclosporin^, is less dependent on : bile production 
[22]. Previous studies showed that mean trough and 
peak blood FK506 concentrations were similar in 
liver transplant patients before and after T-tube 
clamping [22].' Thus, y JFK506 can be given orally 
immediately : after liver transplantation. Major 
problems in studying' the . pharmacokinetics of 
immunosuppressants in liver transplant patients are 
the variability in the functional state of the liver graft 
in the early phase after transplantation [23] and rela- 
tively short blood sampling periods imposed by the 
dosing intervals. Owing to the limited data collection, 
covering less than one. FK506 half-life for some 
patients/the terminal elimination half-life had 'to be 
calculated by extrapolation of the fitted curve and 
thus represents an approximate value. 

Table 2 Pharmacokinetic parameters (median + range) of 
FK506 and its metabolites ,based on whole blood concentra- 
tions measured by h. p. I.e. -'MS and MEfA on the first day after 
liver transplantation * .}. 
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Methods 

Patients and blood sample collection 

Seven liver transplant patients (three female and four 
male) under primary FK506 immunosuppression were 
included in the study. Their mean age was 43 years 
(range 20 to 61 years). The patients had a mean 
weight of 62 kg (range 36 to 80 kg). Patients who 
had to take other drugs known either to inhibit or 
induce cytochrome P4503A were excluded [18]. 
Exceptions were methylprednisolone and predniso- 
lone as described below. 

The first FK506 dose was given 6 h after revascu- 
larization of the liver graft. Multiple blood samples 
were drawn immediately into EDTA containing tubes, 
before administration of FK506 and at 0.5, I. 1.5, 2, 
3.4,6.8. I0, ; l 2 h thereafter. 

Urine samples were collected from six patients at 4 
and 8 h after the first dose. Blood and urine samples 
were frozen at -20° C until assayed. 

Liver function (scrum bilirubin, activities of 
alanine aminotransferase (ALAT), aspartate amino-' 
transferase (ASAT). gamma glutamyl transferase 
(GGT), alkaline phosphatase (ALP), cholinester- 
ase (CHS), giutamate dehydrogenase (GLDH)) and 
kidney function (serum urea and creatinine), baemat- 
ocrit (HCT) and haemoglobin (HB) were measured 
daily using standard methods (Institut fur Klinisehe 
Chemie. Medtzinische Hochschule Hannover,^ 
Hannover, Germany). 

Dosage 

FK506 was administered orally every 12 h. The first 
FK506 dose was 0.04 ± 0.02 mg kg~' (mean ± s.d.). 
Doses were adjusted subsequently according to the 
clinical condition of the patient and blood FK506 
concentrations as measured by microparticle enzyme 
immunoassay (Abbott, Abbott Park. IL). An i.v. bolus 
of 500 mg -methyl predisojone was given, to all 
patients after reperfusion. Five patients received 
prednisolone (0.27 to 0.67 mg kg" 1 ) and one received 
azathioprinc.( { mg kg -1 ). 

Data analysis 

Peak blood drug concentration (C miU ), time to peak 
concentration (/ maJt ), AUC(0,I2 h), initial half-life 
(/. A .i), and terminal half-life (/.,,.,) were determined 
for FK506, demethyl-FK506 and demethy I -hydroxy- 
FK506. The concentrations of all other drug metabo- 
lites in blood were below the detection limit of the 
h.p.l.c.-MS assay. A biexponential distribution func- 
tion with first-order input was fitted to the blood drug 
concentration data by nonlinear regression using the 
Topfit program (Version 2.0, Godecke, Freiburg, Ger- 
many). This , model was selected according to the 
Akaike and Schwarz criteria. For data derived 
using the HPLC-MS assay a weighting factor of 
w = l/sqrt y(i) was used and for those derived using 
the MEIA assay the factor was w = I. The weighting * 
factors were selected according u> the variance 
characteristics of the assays. 



Assays of FK506 and its metabolites } 

The h.p.i.c.-MS assay was based upon a previously 
described method [8] which was slightly modified. 
32-0-acetyl-FK5O6 was synthesized for use as an I 
internal standard (IS) [8]. To 1 ml of each blood or ; 
urine sample 10 |il internal standard solution (0.8 mg j 
P 1 in acetonitrile/water pH 3.0, 70/30 v/v) and 2 ml j 
of a methanol/water solution (70/30 y/v) saturated 
with zinc sulphate were added. Samples were vor- f 
texed for 20 s and centrifuged (2000 g, 2 min). The f 
supernatants were drawn through glass extraction j 
columns filled with LiChrpprep® (C 8 , 25-40 (lm par- J 
tide size, Merck, Darmstadh Germany), which had f 
previously been primed with 3 ml acetonitrile and 3 j 
ml water pH 3.0. The samples were washed with 3. ml 
methanol/water pH 3.0.(50/50 v/v) and I ml hexane. I 
FK506 and its metabolites were eluted by centri- $ 
fuging 1.5 ml dichloromethane through the columns, i 1 
The dichloromethane was evaporated at 50° C under 
a stream of nitrogen and the residues were dissolved \ 
in 300 \X\ acetonitrile/water pH 3.0 (70/30 v/v), \ 
washed with. 500 (il hexane and injected into the 
h.p.l.c.-MS system. "- t f 

The h.p.l.c.-MS system consisted of L-6200 ; ^tnd L- j 
6000 h.p.Lc. pumps and a . 655 A40 injectorKMerck- 
Hitachi, Darmstadt), connected through . a j 
particle-beam interface to a 5989Amass spectrometer I 
(Hewlett-Packard, Waldbronn). Data were recorded I 
and analyzed using MS-GhemStation Software (Ver-' i 
sion CO 1.05, Hewlett-Packard). \ 

The extract (99 ^1) was injected onto a Spherical® ! 
C |K column (3.9 x 150 mm, 5 ^im particle 1 size, ■ 
Waters Millipore, Milfbrd, USA). FK506 ami its 
metabolites- were eluted isocratically *4 with j 
methanol/water (90/10 y/v) at a flow rate df;$4 ml j . 
min" 1 . The: MS parameters were adjusted as de^ribed . ; 
previously \ [8]. For chemical ionization, methane 
(purity >99.5%,- Messer, .Griesheim) was* used as ; 
reagent gas. and negative ions were detected. The MS j 
was run in the selected ion mode (SIM) and focussed..] 
on the following masses: 775.7 amu (di-demethyl- j 
FK506), 789.7 amu (demethyl-FK506), 791.7 amu j 
(di-demethyl-hydroxy-FK506), 803.7 amu (FK506), j 
805.7 amu (demethyl r hydroxy-FK506), 807.7 amu j 
(di-demethyUdi-hydroxy-FK506), 819.7 amu (hydroxy- ] 
FK506), 821.7 amu (di-hydroxy-demethyI-FK506), ! 
835.7 amu 1 (di-hydroxy- FK506), 845.7 amu (32-0- I 
acetyl-FK506; internal standard). | 

For quality control' during the study two of each | 
precision and calibration control samples were run 
for every six study samples. The calibration curve in 
whole blood comprised six data points at concentra- 
tions of 0;0.5, 1, 5, 25, 100 ^ig I" 1 with n = 5 for 
each concentration. The lower limit of quantification 
was 0.2 \ig P 1 for FK506 and its metabolites, the cal- 
ibration curve was linear from 0.2 to 100 \ig 1"' (r = A 
0.98), recovery of FK506 from whole blood was 71 ± 
24% (mean ± s.d.) at 25 ug P 1 and the interassay 
CV was 11.1% at 5 \ig P 1 and 13.1% at 25 \ig P 1 
(«= 16). 

An aliquot of each blood sample was also assayed 
by microparticle enzyme immunoassay using the 
Abbott IMx® analyzer (Abbott, Abbott Park, IL). All 
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The appearance of secondary peaks in some 
patients may be explained by differences in absorp- 
tion kinetics arising from variability in gastric motil- 
ity and poor dissolution of FK506, as has been 
reported by cyclosporine [24]. 

It is difficult to compare our results with other 
studies of the pharmacokinetics of FK506 [25] since 
most of these used plasma as the analytical matrix 
and applied different pharmacokinetic models. All of 
these previous studies measured FK506 by non- 
specific immunological assay. Thus, no data on the 
pharmacokinetics of FK506 metabolites are available % 
Compared with blood concentrations of cyclosporine 
metabolites, which reach higher trough values than 
the parent compound [26], the FK506 metabolite 
fraction in blood was relatively small. This may be 
explained either by a limited metabolic capacity of 
the freshly transplanted liver and/or by inhibition of; 
cytochrome P450 3A4 following the 500 mg i.v.. 
bolus of methy (prednisolone prior to FK506 adminis- 
tration [18. 27]. The main 13-demethyl- and 
demethyl-hydroxy-metabolites of FK506 measured by 
h.p.l.c.-MS after the first FK506 dose show virtually, 
no crossreactivity with the monoclonal antibody used 



in immunoassays [7, 13], This and their low concen- 
trations in blood explains why both assays gave simi- 
lar results in this study (Figure 1). However, there is 
evidence that in cholestasis the metabolites contribute 
significantly to concentrations measured by immuno- 
assay [28, 29], 

Although our estimate of the terminal half-life of 
FK506 is based on sparse data, the finding of values 
in excess of 10 h agrees with other recent reports 
[29]. The clinical use of FK506 is associated with the 
danger of severe side effects such as nephro- or neuro- 
toxicity [30]. There is limited evidence that adverse 
effects correlate with elevated FK506 blood, concen- 
trations [28, 31], especially in patients with impaired 
liver function [23, 32]. Because of the potential for 
drug accumulation due to the long half-life of FK506 
and the possibility of severe toxicity, therapeutic drug, 
'monitoring of FK506 may be advisable, at least in the : 
early post-operative phase after liver transplantation/ 

Fruitful discussions with Dr A. Moller (Fujisawa GmbH, 
Germany) are appreciated. 

The study was supported by the Deutsche Forschungsge- 
meinschaft. grant SFB 265; project A7. 
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A Whole Blood FK 506 Assay for the IMx® Analyzer 

F.C. Grenier, J. Luczkiw, M. Bergmann, S. Lunetta, M. Morrison, D. Blonski, K. Shoemaker, and 
M. Kobayashi 



FK 506 is a novel immunosuppressant discovered in 
1984 by the Fujisawa Pharmaceutical Co, Ltd.' It is 
useful for the treatment of rejection following transplanta- 
tion, graft vs host disease, and autoimmune diseases. 2 
Cyclosporine (CyA) has also been used successfully to 
control rejection and during CyA therapy monitoring the 
whole blood concentration of CyA is an important aspect 
of clinical care. 3 Like CyA FK 506 is predominately 
sequestered in blood cells and it is expected that monitor- 
ing blood concentrations of FK 506 will be equally impor- 
tant for patients receiving this drug. 

Fujisawa has described an enzyme-linked immunosor- 
bent assay (ELISA) methodology to measure FK 506 
comprised of (1) an ELISA plate coated with anti-FK 506 
antibodies, (2) an FK 506-horseradish peroxidase conju- 
gate that competes with free FK 506, and (3) an appropri- 
ate substrate for the peroxidase. 4 While the ELISA is 
effective, a semiautomated immunologic technology would 
be more precise and have greater throughput. 

The Abbott IMx analyzer is one such technology and the 
MEIA format is a proprietary assay configuration that runs 
on the IMx. A semiautomated whole blood assay for FK 
506 described here provides a precise and reliable means of 
measuring blood FK 506 concentrations in patient sam- 
ples. 
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Fig 1 . FK 506 MEIA calibration curve. 

conjugate is added to the filter. Conjugate that does not 
bind to the remaining antibody binding sites on the micro- 
particles is then removed by a second wash step. The 
substrate reagent is added to the filter and the rate of 
appearance of fluorescent product is measured by front 
surface fluorescence measurements and is inversely pro- 
portional to the amount of the analyte present in the 
patient sample or standard. 



ASSAY DESCRIPTION 

The FK 506 MEIA for the IMx analyzer utilizes four 
reagents: ( l ) a precipitation reagent to extract FK 506 from 
whole blood, (2) a capture reagent consisting of latex 
microparticles to which FK 506 antibodies (Fujisawa clone 
1-60-46) have been covalently attached, (3) an FK 506- 
alkaline phosphatase conjugate reagent, and (4) an enzyme 
substrate reagent consisting of 4-methylumbelliferyl phos- 
phate. The typical assay sequence is as follows. 

FK 506 standards or whole blood patient samples are 
mixed vigorously with the precipitation reagent and the 
precipitates formed are removed by centrifugation. The 
clear organic supernatant is decanted directly into an IMx 
sample cartridge that has been preloaded into an IMx 
carousel. 

The automated assay sequence on the IMx analyzer is 
then initiated by pushing the RUN button on the IMx 
analyzer. In the first step, the extracted sample is mixed 
with the microparticle reagent. This is followed by an 
incubation period during which the FK 506 in the sample 
binds to the antibody binding sites on the microparticles. 
An aliquot of the above mixture is then transferred to a 
glass fiber filter on which the microparticles adhere. Fol- 
lowing a wash step, the FK 506-alkaline phosphatase 



ASSAY PERFORMANCE 

A typical calibration curve is shown in Fig 1 and is stable 
for at least 2 weeks in the IMx. Following the manual 
extraction step, approximately 30 minutes are required to 
analyze 23 samples. Typical assay performance was as 
follows. 

Precision analysis gave coefficients of variance (CVs) of 
1 1 .8, 9.6, and 8. 1% at FK 506 concentrations of 15, 25, and 
65 ng/mL, respectively. The average recovery from 5 to 80 
ng/mL was 95% and the sensitivity was 3.3 ng/mL at a 95% 
confidence level. Lipid interference was under 11% at 
1,000 mg/dL triglycerides and bilirubin interference was 
under 6% at 40 mg/dL bilirubin. Interference caused by 
whole blood protein concentrations ranging from 1 1 to 26 
g/dL was under 10%. Analysis of whole blood FK 506 
samples from liver transplant patients gave concentrations 
ranging from less than 5 ng/mL to greater than 100 ng/mL. 
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WHOLE BLOOD FK 506 ASSAY 

Seventy-five percent of the samples were below 30 ng/mL, 
however, with ah average value of 21 ng/mL. 

CONCLUSIONS 

The whole blood FK 506 assay described above offers 
convenience, reliability, and good sample throughput. 
Studies in the clinical setting will ultimately define the best 
assay specifications. Differences between transplant types 
or dosage regimens, for example, could necessitate 
changes in the dynamic range of the assay. Equally impor- 
tant, but poorly understood, will be the importance of FK 
506 metabolism. The relative immunosuppressive poten- 
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cies of FK 506 metabolites and their corresponding cross- 
reactivities in this assay could also necessitate additional 
assay development. 
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